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FOREWORD
T h is  work c o n ta in s  much o r i g i n a l  m a te r i a l  and, a t  th e  
same t im e , I t  p o s s e s s e s  many o f  th e  c h a r a c t e r i s t i c s  o f  a  rev iew  a r t i c l e .  
Most o f  th e  t e x t  I s  devoted  t o  th e  p r e s e n t a t i o n  o f  new d a ta  and the  
g e n e r a t io n  o f  nove l I n t e r p r e t a t i o n s  and a t t i t u d e s .  The rev iew  
n a tu re  stem s from th e  c o n s id e r a t io n  o f  o ld e r  d a t a ,  th e  c o l l a t i o n  of 
t h i s  o ld e r  m a t e r i a l  i n t o  a c o h e ren t  w hole , th e  p r o v i s io n  o f m iss in g  
In fo rm a t io n  where needed, and th e  r e i n t e r p r e t a t i o n  of th e  e n t i r e t y  o f  
o ld  and new d a ta  i n  an  i n t e r n a l l y - c o n s i s t e n t  f a s h io n .
The p la n  o f  th e  a r t i c l e  r e q u i r e s  some comment:
(1 )  The g e n e r a l  ap p ro ach es  w hich we have found 
u s e f u l  a r e  o u t l i n e d  b r i e f l y  i n  S e c t . l .
( i i )  The t h e o r e t i c a l  a s p e c t s  o f  th e  work and a l l  
methods and d e v ic e s  used i n  th e  i n t e r p r e t i v e  e f f o r t  a r e  d is c u s s e d  
i n  S e c t . I I .  W hile th e  u t i l i t y  o f  th e s e  methods i s  i l l u s t r a t e d  a t  
a p p r o p r i a t e  p o in t s  i n  th e  t e x t ,  t h e i r  f u l l  a p p l i c a b i l i t y  w i l l  no t 
be ev idenced  u n t i l  S e c t . IV .
( i l l )  S e c t io n  I I I  p r o v id e s  in fo rm a t io n  on in s t r u m e n ta t io n ,  
chem ica l so u rc e s  and p u r i f i c a t i o n  p ro c e d u re s .  The e x p e r im e n ta l  
a s p e c t s  o f  th e  m o le c u la r  e l e c t r o n i c  s p e c t r a  o f  each  i s o e l e c t r o n i c  
e n t i t y  a r e  d is c u s s e d  i n  some d e t a i l .  The e l e c t r o n i c  t r a n s i t i o n s  a re  
l a b e l l e d  i n  te rm s o f  s t a t e  a ss ig n m e n ts  w hich a re  n e i t h e r  f u l l y  
v a l i d a t e d  n o r  r a t i o n a l i z e d  i n  t h i s  S e c t io n .  Thus, th e  a ss ig n m en ts  
made h e re  f o r  in d iv id u a l  e l e c t r o n i c  t r a n s i t i o n s  may seem p re m a tu re ;  
we excuse  o u r s e lv e s  f o r  any d i s c o m f i tu r e  t h i s  t a c t i c  might cause  by
iv
n o t in g  th e  t e x t u a l  co h es io n  which i t  p ro v id e s  and th e  f a c t  t h a t  th e  
use o f  o th e r  names ( i . e . ,  a -b an d , p-band , V*-N t r a n s i t i o n ,  e t c . )  i s  
evaded.
( iv )  The m a te r i a l  o f  S e c t ' s . I I  & I I I  i s  co n jo in ed  in  
S e c t . IV .  The d i s c u s s io n  g iven  h e re  may seem b r i e f ,  p e rh ap s  even 
s u p e r f i c i a l ;  t h i s ,  however, i s  m ere ly  a consequence o f  th e  p r i o r  
rev iew s o f  S e c t ' s . I I  & I I I  and a d e s i r e  on our p a r t  no t t o  be 
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ABSTRACT
The e l e c t r o n i c  s t r u c t u r e  o f  l i n e a r  t r i a t o r a i c  s i x t e e n - v a l e n c e - 
e l e c t r o n  m o le c u le s  and io n s  and s e v e r a l  s l i g h t l y - p e r t u r b e d  l i n e a r  
t r i a t o m i c  system s a r e  i n v e s t i g a t e d .  The s p e c i e s  c o n s id e re d  a r e :
D«h p o in t  s ro u p  C02,  CS2 , HNN", NO*, CN2, H g C ^ , HgBr2,
H gl2 ;
C . p o i n t  g ro u p — -OCS, No0 ,  NCO", NCS~, NCCi, NCBr, NCI;
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D2d p o i n t  g ro u p  H2CCCH2 ;
C2v p o in t  g ro u p — H2CCO, HjjNCN, (C H ^N C N , HjCNN;
Cg p o in t  g ro u p  HNNN, HNCO, HNCS, CgHgNCO, ^ l ^ N N N ,
c 6h 5 n co .
The e l e c t r o n i c  a b s o r p t i o n  s p e c t r a  o f  t h e s e  m o le c u le s  and io n s  have 
been  d e te rm in e d  i n  t h e  u l t r a v i o l e t  and vacuum u l t r a v i o l e t  r e g io n s  o f  
the  sp ec tru m . Lum inescence s p e c t r a  have a l s o  been m easured f o r  some 
o f  th e  s p e c i e s .  A lthough  some o f  t h e s e  s p e c t r a  have been  d i s c u s s e d  
i n  th e  l i t e r a t u r e ,  t h e r e  has  been no c o n c e r te d  e f f o r t  t o  c o r r e l a t e  
t h e  e l e c t r o n i c  s t a t e s  o f  th e s e  m o le c u le s .  M u ll iken -W olfsberg -H elm ho lz  
(MWH) co m p u ta t io n s  have been  used  t o  g e n e r a te  Litodin MO's, MO 
e ig e n v a l u e s ,  t o t a l  e l e c t r o n i c  e n e r g i e s ,  o r b i t a l  p o p u l a t i o n s ,  and 
a to m ic  c h a r g e s .  These  c a l c u l a t i o n s  a r e  coup led  w i th  c o n f i g u r a t i o n  
i n t e r a c t i o n  (C l)  and s p i n - o r b i t  c o u p l in g  (SOC) c a l c u l a t i o n s . i n  o rd e r  
t o  o b t a i n  s i n g l e t  and t r i p l e t  e x c i t e d  s t a t e s .  The dom inant e l e c t r o n i c
x i i
e x c i t a t i o n s  a r e  o f  TTg -* ti*  and ou -» MO e x c i t a t i o n  t y p e ,  y i e l d i n g  
th e  f o l lo w in g  e x c i t e d  s t a t e s  i n  i n c r e a s i n g  o rd e r  o f  e n e rg y :
n i o 3 * 1 * 1  3  ij i i
71 <  A < y f  i f  < A < II II <  * T r a n s i t i o n  moments,u n i  n i  u g “g - \ i
o s c i l l a t o r  s t r e n g t h s ,  t r a n s i t i o h * e ”n e r g i e s  and p h o sp h o rescen ce  l i f e t i m e s
a r e  c a l c u l a t e d  f o r  th e s e  e l e c t r o n i c  t r a n s i t i o n s .  E l e c t r o n e g a t i v i t y
c o n c e p ts  a r e  used in  p r e d i c t i n g  q u a l i t a t i v e  t r e n d s  i n  t r a n s i t i o n
e n e r g i e s .  Rydberg s t a t e s  a r e  d i s c u s s e d  w i th  em phasis  on quantum
d e f e c t s  and numbering o f  s e r i e s .  I o n i z a t i o n  p o t e n t i a l s  a r e  c a l c u l a t e d
and compared w i th  e x p e r im e n ta l  r e s u l t s .  The m olecu la tt  o r b i t a l s  dttSki --
e l e c t r o n i c  s t a t e s  a r e  c o r r e l a t e d  th ro u g h o u t  th e  s e r i e s  o f  p o in t  g roups
c o n s id e r e d . ,  Many of th e  d e g e n e r a c i e s  o f  t h e - D ^  and C m olecu les^aire
removed in  th e  and m o le c u le s .  However, s in c e  th e  p e r t u r b a t i o n
i s  sm a ll  ( u s u a l l y  an o f f - a x i s  h y d r o g e n ) o n e  e x p e c t s  a  p a r t i a l
p e r s i s t e n c e  o f  th e  w id e ly - s p r e a d  g ro u p in g s  ■of' s t a t e s  c h a r a c t e r i s t i c  o f
t h e  l i n e a r  m o le c u le s .  Based on t h i s  a t t i t u d e  o f  a D „ , ,  C„ , o r  C
2 d* 2v s
p e r t u r b a t i o n  on a o r  C H am il to n ian  and u s in g  band i n t e n s i t i e s ,  
band s h a p e s ,  v i b r a t i o n a l  a n a l y s i s ,  F ranck-C ondon a n a l y s i s ,  a n a l y s i s  o f  
Rydberg s e r i e s ,  and s e m ie m p ir ic a l  MO c a l c u l a t i o n s ,  t h e ‘e l e c t r o n i c  
s t a t e s  a x e - c o r r e l a t e d ’ and:ideht±f'ifed'".i' The’ e l e c t r b j i i c  s t a t e s  o f  b a c h '  
m o lecu le-  a r e  d iscussed-- indfyfdua>l ly> in -  te rm s !  o f t  th e i i to - r e s p e c t iv e  
e n e rg y ,  i n t e n s i t y ,  and v i b r a t i o n a l  s t r u c t u r e .
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I .  INTRODUCTION
The e l e c t r o n i c  s p e c t r a  o f  t r i a t o m l c  s ix t e e n - v a l e n c e - e l e c t r o n
m o lecu les  have been, much i n v e s t i g a t e d .  N o n e th e le s s ,  few s t a t e
i d e n t i f i c a t i o n s  e x i s t .  The b e s t  a t t e m p ts  a t  c o r r e l a t i n g  and a s s ig n in g
th e  e x c i t e d  e l e c t r o n i c  s t a t e s  o f  th e s e  m o lecu les  have been  made by 
1 2M u llik en  and Walsh , However, th e s e  a u th o r s  had a c c e s s  to  v e ry  
l im i t e d  amounts o f  e x p e r im e n ta l  d a t a  and t h e i r  c o r r e l a t i o n s  l e f t  many 
q u e s t io n s  unanswered. The purpose  o f  th e  p r e s e n t  work i s  t o  e l i c i t  
good e l e c t r o n i c  a b s o r p t io n  s p e c t r a  ( i . e . ,  ones v a l i d  t o  —1 1  ev) f o r  
th e s e  m o lecu les  and to  c h a r a c t e r i z e  and i d e n t i f y  t h e i r  e x c i t e d  
e l e c t r o n i c  s t a t e s .
The m o lecu les  c o n s id e re d  h e re  a r e :
Dwh p o in t  g r o u p - C 0 2 , CS2, NNN", NO*, CN2 , HgCj^,
HgBr2 , Hgl2 ;
C p o i n t  group— OCS, NNO, NCO , NCS , NCCA ,  NCBr,
NCI;
D2d p o in t  g roup—H2 CCCH2 ;
C ^  p o i n t  group--H 2 CCO, HjNCN, (C H ^N CN , H2 CNN;
Cs p o in t  g roup—HNNN, HNCO, HNCS, CHgCH^CO, C ^ jN N N .
A l l  o f  t h e s e  m o lecu les  o r  io n s  c o n ta in  s ix t e e n  v a le n c e  e l e c t r o n s .  
N ea r ly  a l l  o f  them a r e  t r i a t o m i c - - t h o s e  few w hich a r e  n o t  t r i a t o m i c  
c o n s i s t  o f  a  dominant t r i a t o m i c  g ro u p in g  to  which a r e  a t t a c h e d  
C-bonded H-atoms o r  a l k y l  g roups . The t r i a t o m i c  g ro u p in g  i s  a lw ays 
l i n e a r  in  th e  ground s t a t e  o f  th e  system .
Some o f  the  s p e c t r a  p re s e n te d  h e re  have been measured 
p r e v io u s ly ;  ou r rem easurem ents were made i n  o rd e r  t o  p ro v id e  a 
s in g l e  r e p r e s e n t a t i o n  o f  th e  e n t i r e  a b s o r p t io n  re g io n ,  i n  o rd e r  t o
T
e v a lu a te  unknown e x t i n c t i o n  c o e f f i c i e n t s  and o s c i l l a t o r  s t r e n g t h s ,  
and in  o rd e r  t o  p ro v id e  b e t t e r  d a ta  r e l a t i n g  t o  e n e r g i e s ,  band 
sh ap es , v i b r a t i o n a l  s t r u c t u r e ,  and Rydberg t r a n s i t i o n s .
Three te c h n iq u e s  have been employed in  a s s ig n in g  e l e c t r o n i c
s p e c t r a :
( i )  Symmetry c o n s id e r a t io n s ;
( i i )  Sem iem pirica l  m o lecu la r  o r b i t a l  c a l c u l a t i o n s ;  and,
( i i i )  S p e c i f i c  i d e n t i f i c a t i o n s .
Each method i s  s e p a r a t e ly  u s e f u l  f o r  making s t a t e  i d e n t i f i c a t i o n s ;  
however, c o n s i s t e n t  agreem ent between th e  th r e e  methods can p ro v id e  
unique a s s ig n m e n ts .  These methods a r e :
( i )  Symmetry C o n s id e r a t io n s : The main d i f f e r e n c e s
in  the  m o lecu les  o f  i n t e r e s t  a r i s e  from th e  a tom ic  make-up o f  th e  
t r i a t o m i c  g ro u p in g  and th e  s l i g h t  p e r t u r b a t i o n s  s u p p l ie d  by th e  
o f f - a x i s  a t ta ch m e n t  o f  H-atoms o r  a l k y l  g ro u p s .  The g roup ing  o f  
s p e c t r o s c o p ic  s ig n i f i c a n c e  i s  th e  l i n e a r  t r i a t o m i c  e n t i t y .  The 
o f f - a x i s  p e r t u r b a t i o n  su p p l ie d  by appended groups removes many o f  the  
e l e c t r o n i c  d e g e n e ra c ie s  a s s o c i a t e d  w i th  th e  l i n e a r  t r i a t o m i c  c h a in - - b u t  
does so i n  such a way a s  to  r e t a i n  th e  w id e ly -s p re a d  d i s t r i b u t i o n  of 
s t a t e s  c h a r a c t e r i s t i c  o f  th e  l i n e a r  e n t i t y .  C onsequen tly , d e g e n e ra c ie s
in h e r e n t  i n  th e  s t a t e s  o f  D , and C m o lecu les  should  re s o lv e  incoh afl/
p r e d i c t a b l e  ways a s  one p ro ceed s  t o  lower m o le c u la r  sym m etries.
F u r th e rm o re ,  many t r a n s i t i o n s  w hich a re  d ip o le - f o r b id d e n  i n  th e  
h igh-sym m etry  m o lecu les ,  may a t t a i n  c o n s id e ra b le  d ip o le -a l lo w e d n e s s  
i n  th e  lower-symmetry e n t i t i e s .  Given the  p e r s i s t e n c e  o f  re c o g n iz a b le  
t r e n d s  from m olecu le  t o  m o lecu le , i t  i s  obvious  t h a t  th e  removal o f  
d e g e n e ra c ie s  and o f  d ip o le - f o r b id d e n n e s s  can p ro v id e  im p o r tan t  
d i a g n o s t i c  t o o l s  f o r  s t a t e  i d e n t i f i c a t i o n s .
( i i )  S em iem pir ica l  M olecu la r  O r b i t a l  C a l c u l a t i o n s ; 
E l e c t r o n i c  s t r u c t u r e  and sp ec tro s c o p y  can be d is c u s s e d  i n  te rm s of 
LCAO-MO c a l c u l a t i o n s .  M ulliken-W olfsberg-H elm holz  (MWH) c a l c u l a t i o n s  
a r e  p a r t i c u l a r l y  u s e f u l  in  d i s c u s s in g  such e l e c t r o n i c  p r o p e r t i e s  a s  
m o le c u la r  w a v e fu n c t io n s ,  o n e - e l e c t r o n  o r b i t a l  e n e r g ie s  a s  a fu n c t io n  
o f  a n g le  (Walsh d ia g ra m s) ,  t o t a l  e l e c t r o n i c  energy  a s  a f u n c t io n  of 
a n g le ,  t r a n s i t i o n  e n e r g ie s ,  charge  d e n s i t i e s ,  e t c .  V a r i a b l e - e l e c t r o -  
n e g a t i v i t y  s e l f - c o n s i s t e n t - f i e l d  (VESCF) and c o n f ig u r a t i o n  i n t e r a c t i o n  
(C l)  c a l c u l a t i o n s  p ro v id e  u s e f u l  t h e o r e t i c a l  e n e r g ie s  and w av efu n c tio n s  
f o r  s t a t e s  o f  tt -* tt* ty p e .  O s c i l l a t o r  s t r e n g t h s  and l i f e t i m e s  o f  
s i n g l e t  *- s i n g l e t  and t r i p l e t  * -  s i n g l e t  t r a n s i t i o n s  can be c a l c u l a t e d  
u s in g  th e  p ro p e r ly -a n t is y m m e tr iz e d  MWH o r  VESCF s t a t e  f u n c t io n s .  Such 
computed in fo r m a t io n  f o r  any one m olecule  i s  n e i t h e r  p a r t i c u l a r l y  
c r e d i b l e  n o r  u s e f u l .  However, i f  a p p l ie d  t o  a s e r i e s  o f  m o lecu les  and 
i f  used t o  p r e d i c t  t r e n d s  in  th e  e l e c t r o n i c  sp ec tro sc o p y ,  i t  can  be o f  
g r e a t  h e lp  i n  c o r r e l a t i n g  and a s s ig n in g  th e  observed  s t a t e s .  I t  i s  in  
t h i s  f a c e t  o f  e m p i r i c a l  quantum -chem ical schemes t h a t  t h e i r  im portance  
l i e s .
(£11) S p e c i f i c  I d e n t i f i c a t i o n s ; Some o f  th e  observed  
e l e c t r o n i c  B ta te s  can be i d e n t i f i e d  u n iq u e ly  u s in g  v i b r a t i o n a l  a n d /o r
r o t a t i o n a l  a n a l y s e s .  Band sh ap e s ,  Franck"Condon c o n s i d e r a t i o n s ,  
fo r b id d e n n e s s  and a l lo w e d n e s s  o f  t r a n s i t i o n  o r i g i n s ,  p o l a r i z a t i o n s ,  
and i n t e n s i t y  c o n s i d e r a t i o n s  can a l s o  p ro v id e  I n f o r m a t io n  w hich  i s  
u s e f u l  i n  t h i s  c o n te x t .  Where p o s s i b l e ,  such  in f o r m a t io n  w i l l  be 
used  i n  d i s c u s s i n g  s t a t e  a s s ig n m e n ts .
Two o t h e r  i tem s  o f  some i n t e r e s t  a r e  a l s o  b roached  h e r e .
The f i r s t  o f  t h e s e  i s  term ed ISOSTERIC VIBRATIONAL RATIOS; T h is  
co n cep t  in v o lv e s  a p p l i c a t i o n  o f  v i b r a t i o n a l  I s o to p e  r u l e s  t o  a s e r i e s  
o f  i s o s t e r i c  m o le c u le s  i n  an  e f f o r t  t o  a s c e r t a i n  th e  n a tu re  o f  th e  
v i b r a t i o n a l  modes w hich  co u p le  t o  e l e c t r o n i c  t r a n s i t i o n s ;  such 
a p p l i c a t i o n  i s  found t o  be o f  m a rg in a l  u se  in  t h i s  w ork. The second 
c o n ce p t  r e l a t e s  t o  th e  use  o f  QUANTUM DEFECTS a s  an a id  t o  th e  
a ss ig n m e n t  of Rydberg S t a t e s :  S p e c i f i c a l l y ,  i t  has  been  found t h a t
quantum d e f e c t s  f o r  m o le c u les  w hich  c o n s i s t  o f  2 nd raw atoms d i f f e r  
from  th o s e  f o r  m o le c u le s  w hich  a re  composed s o l e l y  o f  3rd row a to m s; 
fu r th e r m o r e ,  t h e  quantum d e f e c t s  f o r  m o le c u les  w hich  c o n s i s t  o f  b o th  
2nd and 3rd row atoms a r e  o f  I n te r m e d ia te  v a l u e s ;  t h i s  f i n d i n g  has  
c o n s id e r a b le  s i g n i f i c a n c e  f o r  v i r t u a l  o r b i t a l  i n t e r a c t i o n s  and f o r  
Rydberg i d e n t i f i c a t i o n  m ethods .
I
IX. THEORY
A.  MOLECULAR ORBITALS
The e l e c t r o n i c  s t r u c t u r e  o f  th e  m o le c u le s  c o n s id e re d  h e re
i s  d e s c r ib e d  i n  te rm s  o f  m o le c u la r  o r b i t a l s  (M O's). The s e m i - e m p i r ic a l
M ull ik en -W o lfsb erg -H elm h o lz  (tWH) te c h n iq u e  i s  used  i n  o r d e r  t o
c a l c u l a t e  th e  MO's. The c a l c u l a t i o n s  a r e  s i m i l a r  t o  th o s e  o f  
3
C a r r o l l  e £  a l .  w hich  have  been  used e x t e n s i v e l y  i n  th e  s tu d y  o f
4 -7e l e c t r o n i c  e x c i t e d  s t a t e s .  Such c a l c u l a t i o n s  ex ten d  th e
s e m i - e m p i r i c a l  o n e - e l e c t r o n  n a tu r e  o f  s im p le  Hiickel th e o r y  t o  a l l  
v a le n c e  e l e c t r o n s  and a r e  a l s o  known8 a s  "EXTENDED HUCKEL THEORY". 
S o lu t io n  o f  th e  s e c u l a r  e q u a t io n  J h ^  -  E G ^  | = 0 r e s u l t s  i n  e ig e n v a lu e s  
o f  an e f f e c t i v e  o n e - e l e c t r o n  H a m il to n ia n .  The m a t r ix  e le m e n ts  a r e
app rox im a ted  a s  th e  n e g a t i v e  o f  th e  a to m ic  v a le n c e  s t a t e  i o n i z a t i o n
q
p o t e n t i a l s  ( V S I P 's ) .  F o l lo w in g  V is t e  and G ra y , ,  th e  VSIP’ s a r e  
c a l c u l a t e d  a s  f u n c t io n s  o f  a to m ic  ch arg e  and o r b i t a l  p o p u la t io n  and 
a r e  c a p a b le  o f  t a k in g  i n t o  a c c o u n t  changes in  th e  a to m ic  en v ironm en t 
w i t h i n  a m o le c u le .  Resonance i n t e g r a l s  a r e  c a l c u l a t e d  u s in g  th e  
Cusachs app ro x im a tio n * -®
w here th e  a r e  o v e r la p  i n t e g r a l s .  The Cusachs a p p ro x im a t io n  i s  
chosen  i n  p r e f e r e n c e  t o  o t h e r s ^ ’ because  i t  c o n t a i n s  no e x t e r n a l  
p a ra m e te r s  w hich  a re  a r b i t r a r i l y  v a r i a b l e .  C lem en t!  d o u b le - z e ta
fu n c t io n s  were used a s  an a tom ic  o r b i t a l  b a s i s .  A l l  MWH c a l c u l a t i o n s
were p ro c e ssed  to  charge s e l f - c o n s i s t e n c y  us in g  a heavily-dam ped
3
i t e r a t i v e  p ro ced u re .
The fo l lo w in g  a tom ic  o r b i t a l  b a s i s  s e t s  a re  used i n  th e  
c a l c u l a t i o n s  r e p o r te d  h e re :
H Is
C 2 s , 2 px> 2 py , 2p,
N 2 s ,
2px ’ 2py’ 2p:
0 2 s ,
2 px ’ 2V 2p
S 3s,
3 px ’ 3V 3p;
c& 3 s ,
3px ’ 3p ,y 3p.
The g e o m e tr ie s ,  p o in t  g ro u p s ,  and c o o rd in a te s  of a l l  
m o lecu les  a r e  l i s t e d  i n  F i g . l .  The axes  d e s ig n a t io n s  f o r  a l l  p o i n t  
g ro u p s ,  ex cep t  C ^ ,  conform to  s ta n d a rd  u sag e .  The s tan d a rd  
d e s ig n a t io n s  f o r  C a r e  o b ta in ed  by a s im ple  exchange o f th e  z and 
y axes  of F i g . l .  The c o o rd in a te s  used h e re  f o r  f a c i l i t a t e  HO 
c o r r e l a t i o n s  and conform t o  th e  n o ta t io n  used by M u llik en  and Walsh 
i n  d i s c u s s in g  th e s e  same system s.
1. C o r r e l a t i o n  o f  th e  O r b i t a l s  o f  th e  U nited  Atom, th e  S ep a ra ted  
Atom, and th e  L in ea r  M olecule
The c o r r e l a t i o n  o f  o r b i t a l s  between l a r g e  and sm all 
i n t e r n u c l e a r  d i s t a n c e s ,  a s  e x e m p l i f ie d  by carbon  d io x id e ,  i s  shown 
i n  F i g . 2. The K -s h e l l  e l e c t r o n s  a re  o m itted  from F i g . 2 because  they
7
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F i g . 2: C o r r e l a t i o n  o f  o r b i t a l s  between l a r g e  and sm all  i n t e r n u c l e a r  
d i s t a n c e s  i n  CO^* [E n c lo su re  o f  c e r t a i n  l e v e l s  i n  fram es 
i n d i c a t e s  a g ro s s  ex p an s io n  o f the  en e rg y  s c a l e  w i th in  t h a t  
e n c lo s u r e .  Carbon d io x id e  m o lecu la r  o r b i t a l s  a r e  ta k e n  from 
MWH c a l c u l a t i o n s .  Atomic energy  l e v e l s  a re  ta k en  from 
Siegbahn e t  a l . . "ESCA. Atomic, M o lec u la r ,  and S o lid  S t a t e  
S t r u c t u r e  S tu d ied  by Means o f  E le c t r o n  S p e c tro sco p y " ,  Nova 
A cta Regiae Soc. S c i .  U p s a l i e n a i s . S e r .  IV. 20 . U ppsa la ,
1967. The energy  o f th e  3d a tom ic  o r b i t a l  o f  Ar i s  ta k e n  from 
"Atomic Energy L e v e ls " ,  N a t io n a l  Bureau o f  S ta n d a rd s  C i r c u l a r  
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O -C -O  atoms
C + 2 0
l i e  v e ry  low on th e  energy  s c a l e .  However, th e s e  K - s h e l l  e l e c t r o n s  
a re  c o n s id e re d  i n  th e  s e r i a l  numbering o£ o r b i t a l s  used i n  F i g . 2.
The a tom ic  o r b i t a l s  o f  carbon  and oxygen a re  shown a t  th e  extreme 
r i g h t  o f  th e  d iagram . As th e s e  atoms a re  b ro u g h t t o g e th e r  t o  form 
CO^, th e  o r b i t a l s  become bond ing , non-bond ing , o r  a n t i - b o n d in g .  The 
o r d e r in g  o f m o le c u la r  o r b i t a l s  i n  th e  m olecu le  i s  a l s o  a f f e c t e d  by 
th e  r e p u l s io n  between p a i r s  of o r b i t a l s  o f  th e  same ty p e  (3 a  and
O
4ag ; ln u and 2 ttu ;  3au and 4au) a r i s i n g  from a to m ic  o r b i t a l s  o f  n e a r ly
th e  same energy* The o r b i t a l s  o f  th e  u n i te d  atom (Ar) a r e  shown a t
th e  extrem e l e f t  o f  th e  diagram* When th e  atoms o f  c o a le s c e  t o  
form  A r, e i g h t  o f  th e  e l e c t r o n s  s u f f e r  an  i n c r e a s e  i n  t h e i r  n v a lu e s  
i n  o rd e r  to  s a t i s f y  th e  P a u l i  p r i n c i p l e .  The e l e c t r o n s  w i th  n = 2 
a r e  s h i f t e d  down th e  en e rg y  s c a le  by th e  in c r e a s e d ,  c o n c e n t ra te d  
n u c le a r  c h a rg e .  The n = 3 e l e c t r o n s  r e t a i n  a p p ro x im a te ly  th e  same 
e n e r g ie s  a s  th e y  had i n  th e  m o lecu le .  I n  F i g . 2 ,  th e  m o lecu la r  o r b i t a l s  
a r e  connec ted  by dashed l i n e s  to  th e  m ajor c o n t r i b u t o r y  a tom ic  o r b i t a l s  
o f  th e  s e p a ra te d  a tom s. The MWH c a l c u l a t i o n s  a g re e  w i th  th e  
c o r r e l a t i o n s  o f  F i g . 2 . However, th e  MWH r e s u l t s  do i n d i c a t e  t h a t  
c o n t r i b u t i o n s  from  o th e r  AO's a re  a l s o  s i g n i f i c a n t .
In  any c a s e ,  th e  c o r r e l a t i o n  o f  F i g . 2 p ro v id e s  r a t h e r  
com plete v a l i d a t i o n  o f t h e  MWH MO e n e rg y  l e v e l  d iagram s f o r  CO^.
S im i la r  v a l i d a t i o n  i s  o b ta in e d  f o r  o th e r  s im p le  t r l a to m lc s *
2 . C o r r e l a t i o n  o f  th e  M o lecu la r  O r b i t a l s  o f  L in e a r  and Bent M olecu les
A c o r r e l a t i o n  o f  th e  symmetry r e p r e s e n t a t i o n s  o f  th e  MO's
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o f  th e  v a r io u s  m o lecu les  c o n s id e re d  i s  g iv en  i n  T able  I .  The MO
e ig e n v a lu e s , as  o b ta in e d  from MWH c a l c u l a t i o n s ,  a r e  p re s e n te d  in
T ab le  I I .  The h ig h e s t -o c c u p ie d  and lo w es t-u n o ccu p ied  MO's o f  th e
l i n e a r  m olecu les  a r e  d o u b ly -d e g e n e ra te  n-MO's w hich  s p l i t  i n t o  two
components i n  th e  m o lecu les  o f  lower symmetry. The m agnitude o f t h i s
s p l i t t i n g  i s  dependen t upon th e  s i z e  and type  o f  th e  o f f - a x i s
p e r t u r b a t i o n  employed ( i . e . ,  on th e  number oi: o f f - a x i s  H-atoms o r
a l k y l  groups and th e  degree  o f  n o n - l i n e a r i t y  which th ey  in t r o d u c e ) .
The b e h a v io r  o f  th e  e l e c t r o n i c  MO w av e fu n c t io n s  w i th  change
o f  a n g le  a r e  e s p e c i a l l y  u s e f u l  in  u n d e rs ta n d in g  th e  e l e c t r o n i c
p r o p e r t i e s  o f  th e s e  m o le c u le s .  A o n e - e le c t r o n  o r b i t a l  energy  v e r s u s
a n g le  s c h e m a t iz a t io n  ( i . e . ,  a  Walsh d iagram ) i s  shown i n  F i g . 3 f o r
CO^ i n  i t s  ground s t a t e  c o n f i g u r a t i o n .  Schem atic  r e p r e s e n t a t i o n s  of
th e  m o le c u la r  o r b i t a l s  i n  th e  l i n e a r  and 90° b e n t  m olecu le  a r e  a l s o
p re s e n te d  i n  F i g . 3 .
( i )  3q (3 a . ) M olecu la r  O r b i t a l : The f i r s t  v a le n c e
o r b i t a l ,  3a  ( 3 a . ) ,  i s  s t r o n g ly  bonding i n  b o th  th e  l i n e a r  and b en t 
S
g e o m e t r ie s .  In  th e  l i n e a r  c o n fo rm a tio n ,  th e  main c o n t r i b u t o r s  to
t h i s  MO a r e  2Sq and 2Sq a to m ic  o r b i t a l s ,  w i th  a v e ry  sm all  c o n t r i b u t io n
from th e  2pz 0 -A 0 , s .  Bending o f  th e  m olecu le  le a d s  t o  developm ent o f  a
bond betw een th e  2pz^-A0 *s and t h i s  i s  accompanied by some, in c r e a s e
i n  th e  2p^-A O  in v o lv em en t.  Thus, a  bending  o f  th e  m olecu le  le a d s  to
an  in c r e a s e  i n  end-atom  b o n d ing .and  t h i s  s t a b i l i z e s  th e  3a (3a..)-MO.g a
(*■*) 2 ou( 2 b^) M olecu la r  O r b i t a l ; The 2au ( 2b 2 )-M0  i s
a n t i - b o n d in g  betw een  th e  two end-a tom s and p o s s e s s e s  a node th rough
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TABLE I
CORRELATION OF SYMMETRY REPRESENTATIONS OF MOLECULAR 
ORBITALS AMONG THE POINT GROUPS OF IMPORTANCE
f^The d oub le -dashed  l i n e  a c r o s s  th e  body o f  th e  t a b l e  
s e p a r a te s  th e  f i l l e d  lower MO's from th e  u n f i l l e d  upper 
MO's a p p r o p r ia t e  t o  th e  ground s t a t e  e l e c t r o n i c  
c o n f ig u r a t i o n ]
D , C D. C. Ccoh cov 2v 2v s
4 a  — —  9 a   4 b   5b -------------1 2 a 'u 2  2
5cr — —  8o --------- 5a.  7a  lLa 7
g 1 1
2 tt  3rr
u
I t t   I t tu
,  2 b i ................  3 a '3 e  - - __
6 a 1 ............. 1 0 a 7
l a ,   2a"
It t   2 tt  2 e
S  — 4l 32 ----------  9 a '
3 ^  7o --------3b2 ............. 3b2 ----------  8a 7
lb ..........  la"
5a ..........  7 a 7
4a  6a  4a.  4an — —  6 a 7g 1 1
2a  5a ------- 2 b . .............. 2 b _ --------  5 a 7u 2 2
3a  4a  3a.  3a ---------  4 a 7
g  1 1
TABLE I I
RESULTS OF MJH CALCULATIONS FOR THE GROUND STATE MO'S OF SOME MOLECULES OF INTEREST
[The e ig e n v a lu e s  a r e  in  ev and a r e  fo llow ed  by the  symmetry n o ta t io n  o f  th e  o r b i t a l .  O rb i ta ls  above 



















-  6 .909 (2nu) - 6 .3 2 6 (2 ttu) -1 1 .3 3 4 ( 2 ^ ) - 4 .4 2 8 ( 2 ^ )
- 7 .0 2 4 (3 a")
- 7 .7 5 1 (lO a ')
- 1 .5 3 9 (2 ttu)
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F i g . 3: W alsh d iag ram  o f CO  ̂ i n  th e  ground s t a t e .  Schem atic  m o lecu la r
o r b i t a l s  a r e  a l s o  i n d i c a t e d .  [The ha tched  a r e a s  r e p r e s e n t
r e g io n s  o f  space where th e  m o le c u la r  o r b i t a l  has  a n e g a t iv e
a m p li tu d e .  Only one member o f  each p a i r  of the  d e g e n e ra te
I n  . I tt , and 2n o r b i t a l s  i s  shown. The o th e r  member o f  each u* g '  u
p a i r  i s  i d e n t i c a l  t o  th e  one shown ex cep t  t h a t  i t  i s  r o t a t e d  
by 90° abou t th e  i n t e r n u c l e a r  a x i s .  I n  th e  90° co n fo rm a tio n ,  
ex ce p t  f o r  the  lb ^ ,  l a g ,  and 2b^ o r b i t a l s ,  the  m olecu le  i s  
shown i n  th e  yz p la n e  and a l l  o r b i t a l s  a re  i n  t h i s  same p la n e .  
For th e  l b p  la g ,  and 2b^ o r b i t a l s ,  th e  m olecule  i s  shown in  
th e  xz p la n e  and th e  o r b i t a l s  a r e  i n  t h i s  same p la n e  ( i . e . ,  













the  cen tra l ,  atom. In  th e  l i n e a r  c o n f ig u r a t io n ,  t h i s  MO i s  composed 
of 2sn -A0’ s and n 2p ,,-AO. Bending o f  th e  m olecule  causes  anU
in c r e a s e  in  bo th  th e  k i n e t i c  and e l e c t r o n i c - r e p u l s i o n  e n e r g ie s  o f
e l e c t r o n s  i n  t h i s  MO and, a s  a r e s u l t ,  th e  MO energy  in c r e a s e s  w i th
d e c r e a s in g  a n g le .
( i i i )  ( 4 a . ) M olecular O r b i ta l :  The 4(7 (4a,.)-MO, i ng i  — 1 g l
th e  l i n e a r  co n fo rm a tio n ,  i s  composed of 2 s ^ - ,  2 pz q ~ ,  and 2 sc "AO's
a rran g ed  such t h a t  nodes i n t e r s e c t  b o th  o f  th e  0-C bonds. Bending
o f  th e  m olecule  causes  a l a r g e  s h i f t  o f  e l e c t r o n  charge  out o f  the
2pzg-A0 ' s  i n t o  th e  2p^Q-A0 ' s  and a s t ro n g  bond dev e lo p s  between the
2p - and 2s„-A O 's . Thus, th e  energy  o f th e  4a  (4a.)-MO i s  ex p ec ted  yO C g 1
t o  d e c re a se  as  th e  O-C-O a n g le  becomes s m a l le r .
( i v )  lTT^d b ^ & 5a^) M olecu la r  O r b i t a l : The lTTu (lb^)-MO
c o n s i s t s  of an o u t - o f - p la n e  in -p h a se  com bina tion  o f  2px -A0 f s from a l l  
t h r e e  c e n t e r s .  This  MO i s  bonding th ro u g h o u t th e  m o lecu la r  e x t e n t .
The c e n t r a l  atom c o n t r i b u t e s  the  l a r g e s t  amount o f  e l e c t r o n  d e n s i t y  
i n  th e  l i n e a r  co n fo rm a tio n ;  however, upon bending , the  charge
d i s t r i b u t e s  i t s e l f  more ev en ly  th ro u g h o u t th e  2p -AO's and a s l i g h tA
d e c re a se  i n  energy  occurs  because  o f  th e  g r e a t e r  e l e c t r o n e g a t i v i t y  o f 
the  end atom s.
The lTTu (5 a 1 )-M0 i s  s i m i l a r  to  the  l r ^ d b p  o r b i t a l  in  
the  l i n e a r  c o n fo rm a t io n - - e x c e p t  t h a t  i t  c o n s i s t s  o f  2Py-A 0 's . Bending 
o f  the  m olecule  r e s u l t s  i n  a g ra d u a l  in c r e a s e  i n  energy  o f  t h i s  MO 
fo llow ed  by a s l i g h t  d e c re a se  a t  ~100°, The g ra d u a l  in c r e a s e  in
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energy  a r i s e s  from a d e c re a se  i n  th e  e x t e n t  o f  2p^ n -bond ing  caused
by b e n d in g . The d e c rea se  in  energy  a t  s m a l le r  a n g le s  i s  due to  the
in c re a s e d  bonding which s e t s  i n  between th e  2pzQ-AO's and th e
2p ,,-AO; t h i s  l a t t e r  i n t e r a c t i o n  produces a  bonding r e g io n  w hich  i s  yC
lo c a l i z e d  w i t h i n  th e  m o le c u la r  t r i a n g l e .
(v) 3g^(3b„) M olecu lar O r b i t a l : The 3c ( 3 b - M O  i s
composed, i n  th e  l i n e a r  co n fo rm a tio n , o f  2p -AO's on a l l  a tom s; i tz
a l s o  p o s s e s s e s  a  sm all  amount o f  2Sq-A0 c h a r a c t e r .  These o r b i t a l s  
a r e  a rra n g ed  such t h a t  th e y  a r e  s t r o n g ly  bonding i n  th e  0-C bond 
r e g io n ,  w i th  nodes p a s s in g  th ro u g h  each  o f  th e  t h r e e  a tom s. Bending 
o f  th e  m olecu le  s h i f t s  most o f  th e  charge  t o  th e  2Py0 -AO's and 
2p „-A0 and p roduces  a sm all  d e c re a se  i n  e n e rg y .  The nodes th ro u g hZ \ j
each  atom rem ain  i n t a c t  in  th e  b en t co n fo rm a tio n .
( v i )  lTT^(la„ & 4b„~) M olecu la r  O r b i t a l : The lTTg(la2 )-M0
i s  composed o f an a n t i - b o n d in g  com bina tion  of 2p xq-A 0 's » I t s  energy
i s  ap p ro x im a te ly  in d ep en d en t o f  a n g le .
The Itt (4b„)-M0 i s  the h ig h est-o ccu p ied  MO; i t  i s  
8
s i m i l a r  to  th e  I t t  (la_)-MO i n  th e  l i n e a r  co n fo rm a tio n — e x ce p t  t h a t  i t  
8
i s  composed o f  2PyQ-A0's. Bending o f  th e  m olecu le  cau ses  a  la rg e  
s h i f t  o f  e l e c t r o n  d e n s i t y  from th e  2p^(j-AO, s t o  th e  2pz Q-A0 ' s  w i th  a 
sm a l l  f u r t h e r  amount going to  th e  2p „-A0. These AO’s a r e  a rra n g ed
Z v j
i n  an a n t i -b o n d in g  manner, and t h i s  a n t i - b o n d in g  c h a r a c t e r i s t i c  
grows l a r g e r  a s  th e  an g le  grows s m a l l e r .  The sh a rp  in c r e a s e  of energy  
o f  t h i s  MO caused  by bending  i s  r e s p o n s ib l e  f o r  th e  s t a b i l i t y  o f  th e
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l i n e a r  ground s t a t e  con fo rm a tio n  of th e  m olecu les  under c o n s i d e r a t i o n .
( v i i )  2rr^(6a  ̂ & 2b^ ) M olecu la r  O r b i t a l : The f i r s t -
unoccupied MO i s  th e  2TTu (6a^)-MO. I t  c o n s i s t s  o f  c o n s id e ra b le
2pyC~A0 and a l i t t l e  2p^Q c h a r a c t e r .  These a re  a r ra n g ed  i n  an
a n t i - b o n d in g  manner, w i th  nodes i n t e r s e c t i n g  each bond and w i th  the
m o le c u la r  a x i s  a l s o  ly in g  i n  a noda l p l a n e .  When th e  m olecule  i s
b e n t ,  e l e c t r o n i c  charge  i s  s h i f t e d  from th e  2Py^-AO to  th e  2pz(,-
and 2Py0 -AO's and a s t ro n g  bond deve lops  between th e  C-0 c e n t e r s .
Thus, bending  r e s u l t s  i n  a  d e c re a se  of MO energy  to  an  e x t e n t  which
cau ses  t h i s  MO t o  drop below th e  ITT (4b„)-M 0. The in c re a s e d  bonding
S *
p ro v id ed  by th e  2 ^ ( 6 8 ^ -MO i n  th e  b e n t  con fo rm a tion  i s  r e s p o n s ib le
f o r  th e  n o n - l i n e a r i t y  o f  t r i a t o m i c  groups w hich c o n ta in  17 o r  18
v a le n c e  e l e c t r o n s .
The 2n (2b.)-MO i s  s i m i l a r  t o  th e  2rr ( 6a.)-MO b u t  i s  u 1 '  u 1
composed o f  2p - in s t e a d  o f  2p -A O 's. I t s  energy  rem ains  ap p ro x im a te ly  x  y
in d ep en d en t o f  th e  d eg ree  o f  ben d in g .
( v i i i )  5g^(7a^) M olecu la r  O r b i t a l : The 5ag (7a^)-MO i s
composed o f a  2s -AO and 2s_- &  2p -AO's a rran g ed  i n  an a n t i -b o n d in g  
L »  U  Z U
manner; nodes i n t e r s e c t  th e  two O atoms and th e  two bonds i n  p la n e s  
p e r p e n d ic u la r  t o  th e  m o le c u la r  a x i s .  T h is  MO l i e s  above th e  i o n i z a t i o n  
p o t e n t i a l  o f  th e  m o lecu le .  Bending of th e  m olecule  s h i f t s  e l e c t r o n  
d e n s i t y  i n t o  th e  2 p ^ -  and 2py0 -A 0 's .  T h is  MO i s  h e a v i ly  a n t i - b o n d in g ;  
s in c e  th e  e l e c t r o n  r e p u l s io n  i n t e r a c t i o n  becomes s t r o n g e r  as  the  ang le  
grows s m a l l e r ,  a l a r g e  i n c r e a s e  i n  o r b i t a l  energy  r e s u l t s  upon bending .
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( i x )  4ffu(5b„) M olecu la r  O r b i t a l : The 4 au ( 5b 2 )-MO a l s o
l i e s  above th e  i o n i z a t i o n  p o t e n t i a l  o f  C0„. I t  i s  composed of 2p -AO's£ 2
from a l l  t h r e e  atoms as  w e l l  as  a 2sQ-A0 c o n t r ib u t io n .  Bending o f  th e
m olecu le  causes  a s h i f t  o f  some e l e c t r o n  d e n s i t y  in to  th e  2p^0 -AO's
and the strong e le c tr o n  r ep u ls io n s  p resen t in  the l in e a r  conform ation
d e c r e a s e s .  The r e s u l t  i s  a  d e c re a se  i n  th e  MO energy  so l a r g e  t h a t
t h i s  MO and th e  5a (7a..)-MO i n v e r t  t h e i r  r e l a t i v e  e n e r g ie s  a t  sm a l le r
S
a n g le s .
3. C o r r e l a t i o n  o f  th e  M olecu la r  O r b i t a l s  of T r ia to m ic s  With and 
W ithout O ff-A xis  Groups
A lky l ad d u c ts  a r e  co n s id e re d  to  induce  much th e  same s o r t
o f  e f f e c t s  a s  do hydrogen atom a d d u c ts .  When such groups a re  added
t o  a  l i n e a r  t r i a t o m i c ,  a s  i n  NCS + H+ -* HNCS, th e  adduct adop ts  an
o f f - a x i s  l o c a t i o n  a t  one end of th e  t r i a t o m i c  g ro u p in g . The prim ary
bond ing  occu rs  between one c o n s t i t u e n t  of each  o f th e  d o u b ly -d e g e n e ra te
tt-MO's of the lin e a r  tr ia to m ic  and the a o r b ita ls  o f  th e appended group.
We d e s ig n a te  th e  i n t e r a c t i n g  i t - components a s  l n u ( 5 a p  and lTTg(4b 2 > ;
th ese  components im m ediately lo s e  th e ir  "TT-purity". On the other
hand , the  lrru ( l b ^ ) -  and lH g ( la 2 )-M0 ' s  r e t a i n  t h e i r  i d e n t i t y  as pu re
tt-MO's of the tr ia to m ic  sk e le to n .
The Itt (4b„)-M0 of th e  l i n e a r  t r i a to m i c s  and t h e i r  p ro to n a te d  
6  —
o r  a l k y l a t e d  congeners  b e a r s  a d i r e c t  r e l a t i o n s h i p  to  th e  "non-bonding" 
o r  n-MO o f c a r b o n y l - c o n ta in in g  compounds. T h is  r e l a t i o n s h i p  i s  
i l l u s t r a t e d  i n  F i g . 4 w here th e  2b2  ( i . e . ,  non-bonding)-MO of form aldehyde
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F i g . 4 : Comparison o f  the  2b ^  "non-bonding" m o lecu la r  o r b i t a l  o f
form aldehyde w i th  th e  9 a #- ,  and 4 b 2 -M0 ' s  o f  NCO ,
HKCO, and H^CCO. iThe ha tch ed  a re a s  d eno te  r e g io n s  o f  
n e g a t iv e  MO a m p l i tu d e s ] .




















i s  compared to  th e  lTTg(9a 7 & ^-b^J-MO's o f  NCO , HNCO, and ^CCO,
The 2 b2 ~MO i s  non-bonding  i n  th e  C-0 r e g io n  o f  fo rm aldehyde. In  
NC0~ and HNCO, on th e  o th e r  hand, th e  c o rre sp o n d in g  MO p o s se s s e s  a 
c o n s id e ra b le  am p li tu d e  i n  th e  in -p la n e  2p -AO. The I tt ( 9 a 7)-MO i st. g
w eakly  bonding in  th e  N-C r e g io n  and s l i g h t l y  a n t i -b o n d in g  i n  th e
C-0 r e g io n .  For ^CCO, th e  liT^C^I^-MO c o n ta in s  a sm all  amount of
2p -AO c h a r a c t e r ;  however, th e  4b -MO i s  bonding i n  th e  C-0 r e g io n
and a n t i -b o n d in g  i n  th e  C-C r e g io n .  T h is  weak bonding between th e
two end-atom s a l s o  occurs  i n  ^NCN, (CH^^NCN, and ^CNN. ‘Thus,
i n  th e  l i n e a r  t r i a t o m i c  m o le c u le s ,  w i th  and w i th o u t  o f f - a x i s  g ro u p s ,
th e  I n  (9^ 7 & 4b_)-MO i s  w eakly  bonding i n  some re g io n s  and w eakly  
g *
a n t i -b o n d in g  i n  o th e r  r e g io n s .  For t h i s  re a so n ,  t h i s  MO i s  c l e a r l y
n o t  a s  "non^bonding" a s  i s  th e  2 b2 _MO o f  fo rm aldehyde .
The s h i f t s  and s p l i t t i n g s  e x p e r ien ced  by th e  m o lecu la r
o r b i t a l s  o f  the  l i n e a r  m olecu le  when an o f f - a x i s  group i s  added a re
shown i n  F i g . 5 f o r  NCS and HNCS. The a 7-MO o f  HNCS i s  o f  lower
energy  th a n  th e  a"-M0 b ecau se  o f th e  s t a b i l i z a t i o n  caused by m ixing
o f th e Is  -AO and the a 7 component o f th e  tt-MO. In  the bent io n , 
r l
where t h e r e  i s  no p ro to n  a v a i l a b l e  f o r  a -b o n d in g , th e  a 7-MO i s  o f  
h ig h e r  energy th a n  th e  a"-MO. The unoccupied o r b i t a l s  r e t a i n  th e  
o rd e r in g ,  a 7 < a "  i n  a l l  i n s t a n c e s .
S im i la r  r e s u l t s  a re  o b ta in e d  f o r  NCO and HNCO (se e  r e f . 5) 
and f o r  NNN and HNNN ( s e e  r e f . 6 ) .
2 1
F i g . 5: A c o r r e l a t i o n  of th e  m o le c u la r  o r b i t a l s  o f  HNCS ( l i n e a r  and
b e n t  NCS group) w i th  th o se  o f  l i n e a r  and b en t  NCS . [The 
f i l l e d  MO's o f the  ground s t a t e  c o n f ig u r a t i o n  a r e  i n d ic a te d  
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B. MOLECULAR ELECTRONIC STATES
From T ab les  I  and I I ,  i t  appea rs  t h a t  the  t r a n s i t i o n s  which 
should  be o f  i n t e r e s t  i n  th e  n e a r  and vacuum u l t r a v i o l e t  re g io n s  of 
th e  spec trum  a r e  th e  fo l lo w in g :
D . : »h In -* 2n S u
& 3au - •  2 tt u
C :
cdV
2n -• 3n & 7 a -  3n
D2d: 2e -* 3e & 3b2








6 a i  
2bl  




& 3b /  6ai
2b,
& 8a ' ; 1 0 a '
'  3a"
The lo w e s t-e n e rg y  MO e x c i t a t i o n  o f  m olecu les  i s
1 3 - 1 3  1 3  +expected  to  be I tt -* 2nu ; i t  g iv e s  r i s e  to  * * &u, and * 2^
e x c i t e d  s t a t e s .  The 3a -* 2tt e x c i t a t i o n  w hich g iv e s  r i s e  to  * nu u g
e x c i t e d  s t a t e s  i s  a l s o  expec ted  to  be o f  low e n erg y . These s t a t e s  
shou ld  span an  energy  re g io n  of th e  spectrum  o f ~ 1 0  ev .
I t  i s  known e x p e r im e n ta l ly  i n  th e  case s  o f  CO^, OCS, and
CS^ t h a t  th e  ln^-MO i s  o f  h ig h e r  energy  th a n  the  3au~M0. Thus, the
1 2 -  1 3  1 3  +1ttu -• 2ttu MO e x c i t a t i o n ,  which g e n e r a te s  '  2^ , * and *
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e x c i t e d  s t a t e s ,  should  be co n s id e red  a l s o .  T r a n s i t i o n s  t o  th e s e
e x c i t e d  s t a t e s  a r e  u n l ik e ly  to  be observed  f o r  th e  fo l lo w in g  re a so n s :
( i )  A l l  of th e se  t r a n s i t i o n s  a re  p a r i t y - f o r b i d d e n .
F o rb id d en n ess  e x i s t s  ■ e v e n  w h e n  th e  p a r i t y  s e l e c t i o n  r u l e  i s
r e l a x e d . f o r  th e  £  and A s t a t e s .
( i i )  The e n e r g ie s  o f  th e se  s t a t e s  should  approx im ate
those o f the s ta te s  derived from the 3a -* 2tt MO e x c ita tio n  and theu u
h ig h e r  energy  s t a t e s  d e r iv e d  from th e  lrr^ -* 2ttu MO e x c i t a t i o n .
F u r th erm o re ,  the  e n e r g e t i c  o r d e r in g  o f th e se  s t a t e s  i s  ex p ec ted  to
be s i m i l a r  t o  th e  o rd e r in g  d e r iv e d  from  th e  Itt -* 2tt MO e x c i t a t i o n ,g u *
t h a t  i s  E (^£  ) < E(^A) <  E(^£+) .  Thus, the  h ig h ly - f o r b id d e n  t r a n s i t i o n s
1 3 - 1 3  3 +t o  th e  * £  , * A , and ' £  s t a t e s  a r e  ex p ec ted  to  be c o m p le te ly
g g g
1 + 1submerged below the  m o re - in ten se  t r a n s i t i o n s  to  the  £  , H , andu > g »
1 +Rydberg s t a t e s .  The t r a n s i t i o n  to  the £  s t a t e  should  l i e  a t  v e ry
g
h ig h  e n e r g ie s - - p r o b a b ly  beyond th e  s h o r t  w aveleng th  l i m i t  o f  our
m easurem ents—and should  be submerged b e n ea th  th e  s t r o n g e r  Rydberg
bands and th e  d i s s o c i a t i v e  continuum,
( i i i )  As in d ic a te d  i n  i te m  ( i i ) ,  we ex p ec t  to  observe  
1 1 +th e  t r a n s i t i o n  XI •— £  b u t  no t any o f  th o se  d e r iv e d  from the
g g
1 1 +Itt -* 2tt MO e x c i t a t i o n .  S ince  th e  n *- £  i s  a l s o  a fo rb id d e nu u g g
t r a n s i t i o n ,  such an  e x p e c ta t io n  r e q u i r e s  some v a l i d a t i o n .  Such
v a l i d a t i o n  runs  as  fo l lo w s :
1 1 + The n  *- £  t r a n s i t i o n  becomes a llow ed when p a r i t y  r e s t r i c t i o n s
g g
a r e  r e la x e d .
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1 1 + The II t- £  t r a n s i t i o n  g a in s  much i n t e n s i t y  by v ib r o n ic
S g
c o u p lin g  m edia ted  by ttu v i b r a t i o n a l  modes.
 The 1n *E+ t r a n s i t i o n  u s u a l ly  occu rs  i n  a re g io n  o f  the
S S
spec trum  which i s  r e l a t i v e l y  f r e e  o f  Rydberg e x c i t a t i o n s  and 
d i s s o c i a t i v e  c o n t in u a .
1. C o r r e l a t i o n  o f E l e c t r o n ic  S t a t e s
A c o r r e l a t i o n  o f  th e  e x c i t e d  e l e c t r o n i c  s t a t e  r e p r e s e n t a t i o n s
between th e  v a r io u s  p o in t  groups i s  shown i n  T ab le  I I I .  The doubly-
d e g e n e ra te  and s t a t e s  s p l i t  i n t o  two components i n  th e  p o in t  u g
groups o f  low symmetry. Such s p l i t t i n g s  should  be d e t e c t a b l e  i n
m o le c u la r  s p e c t r a .
The c o r r e l a t i o n s  o f  T ab le  I I I  form a s t ro n g  b a s i s  fo r  s t a t e
i d e n t i f i c a t i o n s .  Bach e l e c t r o n i c  s t a t e  has i t s  own unique p r o p e r t i e s
which d i s t i n q u i s h  i t  from a l l  o t h e r s .  These a r e  a s  fo l lo w s :
1 + 1 +( i )  The S -  E t r a n s i t i o n  i s  th e  only  one t h a t  i s
^ g
a llow ed  i n  a l l  p o in t  groups and does not s p l i t  i n t o  two components i n
m o lecu les  o f  low symmetry,
1 1 +( i i )  The ^  «- 2  t r a n s i t i o n  i s  th e  only  one th a t
g
T' 2d ’ V'2v ’ s
fo rb id d e n  i n  anc  ̂ ^ 2 d* anC* t *ia t  ^as  one a ^ owe<̂  component
s p l i t s  i n t o  two components i n  th e  C ^ ,  and Cc m o lecu le s ,  t h a t  i s
i n  C2V and two a llow ed  components i n  Cg .
( i i i )  The ^E *- ^E+ t r a n s i t i o n  i s  the  only  one t h a t  i s  u g
fo rb id d e n  i n  a l l  p o in t  groups ex ce p t  C and does not s p l i t  i n t o  twos
components i n  low-symmetry m o lecu les .
TABLE I I I
CORRELATION OF ELECTRONIC STATE REPRESENTATIONS AMONG 
VARIOUS POINT GROUPS
P o in t  Group Ground S ta te  rr -* n* S ta te s  a  tt* 
_________________________________________________ S t a t e ( s )


































































I 1 +( i v )  The II •- 2  t r a n s i t i o n  i s  th e  on ly  one t h a t
S 8
s p l i t s  i n t o  two components i n  Cjv  and Cg m o le c u le s ,  t h a t  i s  fo rb id d e n
i n  D , and a llow ed  i n  C and D „ . ,  and t h a t  has one a llow ed  component roh 2 d r
i n  C„ and two a llow ed components in  C .
2v s
T r a n s i t i o n  e n e r g ie s  can be e s t im a te d ,  i n  a v e ry  p re l im in a ry
a p p ro x im a tio n ,  a s  th e  d i f f e r e n c e  o f MWH MO e n e r g i e s .  In  th e  case  of
t r a n s i t i o n s  in v o lv in g  d e g e n e ra te  MO's, th e  MWH MO energy  d i f f e r e n c e s
p ro v id e ,  a t  m ost, th e  b a ry c e n te r  o f  th e  r e s u l t i n g  e x c i t e d  s t a t e s .
3 1For exam ple, th e  MWH MO energy  of th e  (ITT ) (2 tt ) c o n f ig u r a t i o n  i s
S u
th e  b a r y c e n te r  o f  th e  s t a t e s  shown s c h e m a t ic a l ly  in  F i g . 6 . S ince  the  
MWH c a l c u l a t i o n s  a r e  o n e - e le c t r o n  in  n a tu re  and n e g le c t  much e l e c t r o n  
r e p u l s io n  and c o r r e l a t i o n  e f f e c t s ,  th e y  should  n o t be used to  p r e d i c t  
th e  sp e c t ro s c o p y  o f any one m o lecu le .  I n s t e a d ,  th ey  sh o u ld  be used 
i n  a c o r r e l a t i v e  f a s h io n - -a n d  even th e n ,  w a r i ly .
2 . Symmetry- and Spin-Adapted W avefunctions
P ro p e r  sym m etry-adapted and s p in -a d a p te d  s t a t e  w av efu n c tio n s
f o r  th e  m o le c u la r  o r b i t a l  e x c i t a t i o n s  have been c o n s t r u c te d .  An
example o f  th e  p ro ced u re  used i s  shown i n  Appendix I .  These s t a t e
23w a v efu n c t io n s  can be used to  c a l c u l a t e  s t a t e  e n e r g ie s  ; f o r  exam ple, 
we f in d
ecV )  = (t ( V )  > • • • • 2
where 3C, th e  t o t a l  H a m il to n ia n ,  now c o n ta in s  e x p l i c i t  e l e c t r o n - r e p u l s i o n
27
F ig .  6 Schem atic r e p r e s e n t a t i o n  o f  th e  e l e c t r o n i c  s t a t e s  r e s u l t i n g  
3  1from th e  ( 2 ttu) e l e c t r o n  c o n f ig u r a t io n  o f a
m olecu le .
Configuration
R e su l t ing
Elec t r on ic
S ta te s
1 + I --------  l y
U
I
1 —  ’a3 ^  ,1 |   U
( l77"g) (2ttu) ‘“I
(l7rg)4-------------------------
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te rm s .  These adap ted  w av efu n c tio n s  a re  used to  compute t r a n s i t i o n
moments ( i . e . ,  o s c i l l a t o r  s t r e n g th s )  and s t a t e  e n e r g ie s .  The former
were e v a lu a te d  by t r a n s fo rm in g  a l l  MO's to  a Lowdin b a s i s - -  fo l lo w in g
24th e  p ro c e d u res  o f  Cusachs and Trus ; the  r e s u l t i n g  MO's were then
co n v er ted  t o  a p ro p e r  sym m etry-adapted s t a t e  b a s i s .  The c a lc u la te d
o s c i l l a t o r  s t r e n g t h s  a re  p re s e n te d  i n  Table  IV.
The o s c i l l a t o r  s t r e n g th s  o f  Table IV i l l u s t r a t e  th e
a l lo w e d n e s s ,  f o r b id d e n n e s s ,  and s p l i t t i n g  c h a r a c t e r i s t i c s  o f  the
e l e c t r o n i c  t r a n s i t i o n s .  The most in t e n s e  t r a n s i t i o n  i n  a l l  m olecules
1 + 1 +i s  ex p ec ted  to  be th e  2 U <- 2^ and i t s  ana log  e x c i t a t i o n s .  The
ex p ec ted  h ig h  i n t e n s i t y  o f  t h i s  t r a n s i t i o n  should  a llow  easy  i d e n t i -  
1 -  1 +f i c a t i o n .  The 2u «- 2^ and i t s  c o r r e l a t i n g  t r a n s i t i o n s  a r e  expected
to  be fo rb id d e n  in  most m o lecu les  and , even when a l lo w ed , should  r e ­
main ex trem e ly  weak. The ex p ec ted  l o w - in t e n s i t y  c h a r a c t e r i s t i c s  of 
t h i s  t r a n s i t i o n  should  p ro v id e  i t s  most d i s t i n g u i s h i n g  f e a t u r e .
C o n s id e r in g  th e  and ^Au s t a t e s ,  the  o s c i l l a t o r  s t r e n g th s  f o r  th e  
1 1 +IT 2  t r a n s i t i o n  a re  expec ted  to  be h ig h e r  th an  those  f o r  the  
S S 
1 1 +Au * -  2^ t r a n s i t i o n  f o r  a l l  m o lecu les  ex cep t  ones o f  Cg symmetry.
E x p er im en ta l  r e s u l t s  do indeed i n d i c a t e  t h a t  th e  t r a n s i t i o n  t o  the
1 1 II s t a t e  i s  a lways more in te n s e  th a n  t h a t  to  th e  A s t a t e :  The 
S u
1 1 +re a so n  i s  a s s o c ia te d  w i th  th e  f a c t  t h a t  th e  II *- 2  t r a n s i t i o n
S g
g a in s  much o f  i t s  i n t e n s i t y  th ro u g h  v ib r o n i c  co u p l in g  w i th  TTu
1 1 +modes w h ereas ,  th e  A «- 2  t r a n s i t i o n  i s  fo rb id d e n  by a l l  f i r s t -u g
o rd e r  v i b r o n i c  co u p l in g  r o u t e s .
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TABLE IV
OSCILLATOR STRENGTHS FOR TRANSITIONS FROM THE GROUND STATE 
TO THE INDICATED UPPER STATES
[ F o r  I d e n t i f i c a t i o n  o f  s t a t e s  i n  m o le c u le s  o t h e r  th a n  D . sym m etry ,
s e e  T a b le  I I I ] .
'u l Au




0N0+ 0 0 0.519 0
OCO 0 0 0.417 0
SCS 0 0 0 .5 0 2 0
nnn" 0 0 0 .2 7 8 0
non"2 0 0 0.151 0
o cs 0 0 0.482 1 .2 2 x  1 0 '4
NNO 0 0 0 .3 8 6 7 .6 1 x 1 0 "4
NCS" 0 0 0 .3 0 2 3 .5 9 x 1 0 '4
NCO' 0 0 0 .2 8 6 1.44 x 1 0 '3
HaCCCHa 0 c 0.344 3.84 x 1 0 '3
HaNCN 0 0 1 .0 9  x  1 0 " 3 0.355 0 0.259
HaCCO 0 0 4 .0 9  x  1 0 '3 0.420 0 0.391
HNCS 9 .8 1  l o ' s 1 .9 2  x  1 0 -4 O .383 0.458 9-64  x 10  4 8 .2 1  x  10  2
HNNN 3 .8 6  X  l o " 4 1 .1 3  x  l o " 3 0.317 0 .3 8 5 5.03  x  1 0 " 3 3 .97  x 10 ‘ 2
HNCO 5 .02  X 10 ' 4 1 .3 3  x  1 0 _3 0 .3 2 8 0.411 8 . 1*8 X 10' s 2 ,'* 3  x  1 0 '3
3. Geometry of E x c i te d  S t a t e s
C e r t a i n  e x c i t e d  s t a t e s  o f  th e s e  m o le c u le s  a r e  ex p ec ted  t o  
be b en t  w h i l e  o th e r s  shou ld  be l i n e a r .  MWH c a l c u l a t i o n s  were 
perfo rm ed  on NCS a t  v a r i o u s  a n g le s  r a n g in g  from  180° to  120°; t h e s e  
c a l c u l a t i o n s  were i t e r a t e d  to  charge  s e l f - c o n s i s t e n c y  u s in g  a ground 
s t a t e  e l e c t r o n i c  c o n f i g u r a t i o n .  O r b i t a l  e n e r g ie s  from  th e  ground 
s t a t e  c a l c u l a t i o n s  were th e n  used  to  c a l c u l a t e  t h e  t o t a l  energy  of 
each  e x c i t e d  c o n f i g u r a t io n  a s  a f u n c t i o n  o f  a n g le .  The r e s u l t s  a r e  
shown i n  F i g . 7. A s p e c i f i c  p r e d i c t e d  geometry o f  each  e x c i t e d  s t a t e  
i s  i m p l i c i t  i n  t h i s  d iag ram . A s i m i l a r  type o f  c o m p u ta t io n  was 
perfo rm ed  on however, i n  t h i s  i n s t a n c e ,  th e  MWH c a l c u l a t i o n  was
i t e r a t e d  t o  s e l f - c o n s i s t e n c y  f o r  each  o p e n - s h e l l  e x c i t e d  c o n f i g u r a t i o n  
a s  a f u n c t i o n  o f  a n g le .  R e s u l t s ,  shown i n  F i g . 8 ,  a r e  s i m i l a r  to  th o s e  
of F i g . 7 .
1 + 1The c a l c u l a t i o n s  i n d i c a t e  t h a t  th e  ground s t a t e ,  S (  A . ) ,g J.
and th e  1 AU( 1A2) ,  ^S*(*B2) ,  and ^IlgC^Ap. e x c i t e d  s t a t e s  should  be 
l i n e a r  w h e rea s  th e  C^B9) ,  1 S~(1A ) ,  and (^ B -)  e x c i t e d  s t a t e sU 4* 11 fL R fc
should  be  b e n t .  I t  shou ld  be re -em p h as ized  t h a t  su ch  c o n c lu s io n s  
a r e  q u a l i t a t i v e  and m ere ly  i n d i c a t i v e  o f  some t e n d e n c i e s  toward th e  
p re s e n c e  o r  absence  of l i n e a r i t y .  However, t h e s e  c o n c lu s io n s ,  
coupled  w i th  v i b r a t i o n a l  a n a l y s i s ,  Franck-Condon a n a l y s i s ,  and band 
sh ap e s ,  do le ad  to  r e a s o n a b ly  s e c u re  p r e d i c t i o n s  o f  e x c i t e d  s t a t e  
g e o m e t r ie s .
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F i g . 7 T o ta l  e n e r g ie s  o f  e l e c t r o n i c  s t a t e s  i n  NCS" as  a f u n c t io n  o f 
a n g le .  [Ground s t a t e  i t e r a t i o n  o n ly ] .
-1 9 2
- 1 9 6
O
H -1 9 7
-1 9 8
- 1 9 9
n (a )
' i k 'a' j
2  T a' )
^  'A (‘a")
^ I 2 + ( ' a / )
L _ J  1 I I L
120°  140°  160°  180°
SCN angle
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F i g . 8 : T o ta l  e n e r g ie s  o f  e l e c t r o n i c  s t a t e s  i n  CO2 a s  a f u n c t io n
o f  a n g le .  [O p en -sh e l l  i t e r a t i o n ] .
T o t a l -3
2
0
E n e r g y  (ev)
1 I t I 1
—  w  w  C>j OJ
CO 0 0  0 > O*
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4. C o n f ig u ra t io n  I n t e r a c t i o n  and S i n g l e t - T r i o l e t  Energy S p l i t t i n g s
E n e rg ie s  o f  e x c i t e d  s t a t e s  were c a l c u l a t e d  f o r  t e n  s p e c ie s
u s in g  a  P a r i s e r - P a r r - P o p l e  p ro c e s s  i n  which th e  c r -e le c tro n  charge
d e n s i ty  p ro v id ed  by th e  MWH method was assumed f ix e d  and p ro d u c t iv e
o f the p o te n t ia l  f i e l d  in  which th e  TT-electrons move. The n -e le c tr o n
su b se t  was th e n  i t e r a t e d  to  charge  s e l f - c o n s i s t e n c y  u s in g  th e
" v a r i a b l e  e l e c t r o n e g a t i v i t y "  concep t (VESCF). A c o n f ig u r a t io n
1 + 1 +i n t e r a c t i o n  com puta tion  y ie ld e d  e n e r g ie s  f o r  th e  2  ̂ «- and 
3 + 1 +2  *- E t r a n s i t i o n s .  Only th e s e  t r a n s i t i o n s  could be handled u g
because  o f  th e  i n a b i l i t y  o f  th e  VESCF-CI program  to  t r e a t  r r - o r b i t a l s
i n  d i f f e r e n t  p la n e s .  The r e s u l t s  a r e  shown i n  Table  V. The c a lc u la te d  
1 + 3 +energy  o f  th e  2 u and 2^  s t a t e s  and th e  c o r re sp o n d in g  s i n g l e t - t r i p l e t
s p l i t t i n g s  p ro v id e  good q u a l i t a t i v e  t r e n d s  f o r  th e  o rd e r in g  o f  e x c i t e d
s t a t e  e n e r g i e s .  C onsider ing  th e  n e u t r a l  m o lecu la r  s p e c ie s ,  the  S-T
s p l i t  i n c r e a s e s  a s  th e  s i z e  o f  th e  m olecule  d e c re a se s  ( e . g . ,  th e  S-T
s p l i t  i n c r e a s e s  i n  th e  o rd e r  H^CCCH^ < ^NCN < ^CCO < HNCO < NNO < CC^)
Sm alle r  s p l i t t i n g s  a re  a l s o  observed  f o r  m o lecu les  c o n ta in in g  atoms
from th e  3rd row o f th e  p e r io d i c  t a b l e ,  i . e . ,  OCS and CS2 . These
sm a l le r  s p l i t t i n g s  a re  due t o  a r e d u c t io n  i n  th e  exchange i n t e g r a l s
w hich i s ,  i n  t u r n ,  a t t r i b u t a b l e  t o  th e  in c r e a s e  in  th e  m o lecu lar
"box s i z e "  when H-atoms a r e  added o r when l a r g e r ,  d i f f u s e  s u l f u r
o r b i t a l s  a r e  in v o lv e d .
C a lc u la t io n s  on th e  low er e l e c t r o n i c  s t a t e s  of u s in g
25R o o th a an 's  LCAO-SCF method have been  r e p o r te d  by M u ll ig a n  . The
TABLE V
ENERGIES OF THE AND EXCITED STATES OF VARIOUS 
MOLECULAR SPECIES FROM VESCF-CI CALCULTIONS
S p ec ies 1S +  ( OT)u ' * 3S +  (ev )  u ' * S-T S p l i t  (ev )
NCN2 " 7 .9 6 5 .2 0 2 .7 6
nnn" 7 .1 3 4 .0 6 3 .0 7
OCO 6 .7 2 1.9T 4 .7 5
HNCO 6 .53 2 .1 1 4 .4 2
NNO 6 .2 0 1 .5 8 4 .6 2
ONO+ 6 .1 6 0 .65 5 .5 1
hncn" 6 .1 2 2 .4 9 3 .65
HaNCN 5 .9 6 2 .5 2 3 .4 4
H2 CCO 5.87 1 .7 7 4 .1 0
HgCCClfe 5 .6 1 2.9T 2 .6 4
c a l c u l a t i o n s  on th e  TT **♦ n* and ff -* tT* MO e x c i t a t i o n s  ren d e r  t h e  
fo l lo w in g  e x c i t e d  s t a t e  e n e r g ie s  ( i n  e v ) :
3 £ * ( 7 .6 ) ,  3 Au ( 8 , 4 ) ,  V ( 9 . 2 ) ,  \ ( 9 . 5 ) ,  ^ £ ( 2 2 .1 ) ,
3n ( 1 4 .6 ) ,  and *11 (1 4 .6 )
8  S
1 3 - 1 3The s i n g l e t - t r i p l e t  s p l i t t i n g  in  th e  * £  and * II s t a t e s  wasv g
z e ro  w i t h i n  th e  accu racy  o f th e  c a l c u l a t i o n .  The s p l i t t i n g  i n  
1 3  +th e  case  o f  th e  * s t a t e s  was ab norm ally  l a r g e .
A lthough th e  e n e r g ie s  of t h e  e x c i te d  s t a t e s  a s  c a l c u l a t e d
by M u ll ig an  a r e  too  h ig h ,  th e  e n e r g e t i c  o rd e r in g  i s  m ean ing fu l.
3 +From th e s e  com p u ta t io n s ,  we expec t t h e  s t a t e  t o  be the  low est
3 3 -
energy  e x c i t e d  s t a t e .  The Au and 2^ s t a t e s  sh o u ld  l i e  s l i g h t l y
h ig h e r  i n  e n e rg y . The ^£u s t a t e  i s  expec ted  to  be th e  lo w es t-en e rg y
e x c i t e d  s i n g l e t  s t a t e .  The s t a t e  should l i e  s l i g h t l y  h ig h e r  and
th e  Tig and s t a t e s  shou ld  be th e  two h ig h e s t -e n e rg y  s t a t e s
Thus, from  th e  p r e d ic te d  i n t e n s i t i e s  o f  the  v a r io u s  t r a n s i t i o n s  a s  
g iv e n  i n  T ab le  IV and th e  e n e r g e t i c  o rd e r in g  p r e d i c t e d  h e re ,  we 
m ight e x p e c t  t o  o b ta in  c o n s id e ra b le  i n s i g h t  i n t o  th e  s p e c t r a  o f
th e s e  s ix t e e n - v a l e n c e - e l e c t r o n  m o le c u le s .  We e x p e c t  the  long
3 + 1 3  - 1 3  1 +w av e len g th  bands ( 1^ ,  * * Ay Eg) to  be l ° w i n t e n s i t y
and th e  s h o r t e r  w av e len g th  bands (^ n  > ^E+ *- *E+) t o  be of h ig h e rg u g
i n t e n s i t y .
5 . I o n i z a t i o n  P o t e n t i a l s
O r b i t a l  e n e r g ie s  r e s u l t i n g  from ground s t a t e  c a l c u l a t i o n s  
a r e  f r e q u e n t l y  used a s  e s t im a te s  o f  i o n i z a t i o n  p o t e n t i a l s  ( I P ' s ) .
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The f i r s t  i o n i z a t i o n  p o t e n t i a l  o f  a l l  sp e c ie s  c a l c u l a t e d  here  i s
from a tt-MO w i th  th e  v a lu e s  d e c r e a s in g  i n  the  o rd e r  c a t i o n s  >
m o lecu les  >  an ions  >  d ia n io n s ,  a s  e x p ec te d .  These t r e n d s  can he
observed  i n  Table I I .  I n  a l l  c a s e s  where ben t and l i n e a r  sp e c ie s
were c a l c u l a t e d  ( e . g . ,  NCS ) ,  th e  b e n t  sp e c ie s  p o s s e s s e s  the  lo w es t
IP ;  i t  i s  fo r  t h i s  same re a so n  t h a t  th e  b en t s p e c ie s  i s  l e s s  s t a b l e .
26S ic h e l  and W hitehead have p re se n te d  a s tu d y  of serai-
e m p i r i c a l  methods and th e  c o r r e l a t i o n  of computed I P ' s  w i th  e x p e r im e n ta l
v a l u e s .  For CC^, CS^, OCS, and NgO th e y  concluded t h a t  th e  CNDO
method u t i l i z i n g  th e  Ohno form ula f o r  a tom ic  r e p u l s i o n  i n t e g r a l s  gave
th e  b e s t  f i t  w i th  ex p e r im en t .  V alues f o r  the  f i r s t  f o u r  I P ' s  o f
th e s e  m o le c u le s—as c a l c u l a t e d  by CNDO (Ohno), ex ten d ed  Huckel method
(EHM), H a r tre e -F o c k ,  and th e  p r e s e n t  MWH m e th o d s--a re  t a b u la te d  a lo n g
w i th  e x p e r im e n ta l  v a lu e s  i n  T ab le  VI. The o rd e r in g  o f c a lc u la te d  I P ' s
does n o t  ag ree  w i th  t h e  e x p e r im e n ta l  o rd e r in g  u n l e s s ,  as  in  the  c a se
of th e  H ar tree -F o ck  c a l c u l a t i o n ,  an  ex tended b a s i s  s e t  i s  used in  th e
co m p u ta t io n .  Thus, l a c k  o f  co rrespondence  o f  IP o r d e r in g  i s  found
even w i t h  minimal b a s i s  s e t  H a r t re e -F o c k ,  and i s  to  be expec ted  a l s o
i n  s e m i-e m p ir ic a l  c a l c u l a t i o n s .  T h is  d e f ic ie n c y  i n  th e  s e m i-e m p ir ic a l
c a l c u l a t i o n s  i s  due to  th e  n e g le c t  o f  " a to m s- in -m o le cu le s"  e f f e c t s  and
27
th e  e f f e c t s  of ff • n  s e p a r a b i l i t y  a s  d iscu ssed  by Arm strong a l .  
However, MWH v a lu es  f o r  th e  f i r s t  i o n i z a t i o n  p o t e n t i a l  a r e  i n  much 
c l o s e r  agreem ent w i th  experim ent th a n  th e  EHM, CNDO, o r  H a r tree -F o ck  
v a lu e s .
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TABLE VI
COMPARISON OF THE LCWER IONIZATION POTENTIALS OF SELECTED
MOLECULES 
[ A l l  v a lu e s  a r e  i n  ev}
E x p t l .a MWH Extended** CNDOb H a r t r e e - F o c k c
C a lc . Huckel C a lc . C a lc .























TT 1 2 .89 2 t t 13 .32 TT 15.27 TT 13.58 TT 13 .37
NNO CT 16 .38 7 ct 15.18 a 16.16 a 15.35 a 19 .01
TT 17.65 6 a 15.58 TT 18.16 TT 16.63 TT 2 0 .7 3
CT 2 0 . 1 1 I t t 18.81 a 19.85 a 23 .83 a 2 2 .63
TT 1 1 . 2 0 2 t t 12.55 TT 1 3 .1 4 TT 12 .26
OCS TT 15 .08 7 a 13 .67 a 14.67 a 13.81a 16 .04 I t t 15 .90 TT 17.76 TT 15.36
a 17 .96 6 a 1 6 .5 0 a 1 8 .40 a 19 .32























2 t t 12.33 TT 1 4 .48 TT 13.08
NCCjl 7a 12.61 a 14.88 a 13.69
I t t 16.26 TT 15.77 TT 14 .93
6 a 17 .43 a 17 .70 a 2 0 . 0 0
h 2 c c c h 2 2 e 10.19 2 e 1 1 . 6 6






a R e f 1 s . 6 , 28, 29, 30 .
bR e f .2 6  
cR e f .2 0
C. RYDBERG STATES
We suppose t h a t  Rydberg MO's a r e  formed from l i n e a r  
co m b in a tio n s  o f  v i r t u a l  a tom ic  o r b i t a l s  (LCVAO's) p e r t a i n i n g  to  
th e  v a r io u s  a tom ic  c e n te r s  in  the  m o lecu le .  We w i l l  r e f e r  t o  such 
LCVAO's as  "bonding" o r  " a n t i - b o n d in g " - - b u t  we use t h i s  te rm in o lo g y  
on ly  w i th  r e f e r e n c e  t o  a b a r y c e n te r  energy  of th e  c o n s t i t u e n t  VAO's; 
f o r  exam ple, i n  th e  case  o f  CS2 , t h i s  b a r y c e n te r  f o r  th e  lo w e s t-  
energy  s - ty p e  Rydberg i s
CVSXE(3SC) + 2VSIE(4sg) ] / 3  = [ ( - 3 .6 6 )  + 2 ( - 3 . 7 6 ) ] / 3  = -3 .7 3  ev
* •  f-
I f  a l l  th e  atoms composing a m olecule  b e long  to  th e  same row of th e
p e r i o d i c  t a b l e ,  th e  VAO's com pris ing  a  Rydberg do, f o r  the  most p a r t
r e f e r  to  th e  same p r i n c i p a l  quantum number. Hence, we speak  of
3 s - ,  3 p - ,  3d-R ydbergs, e t c .  f o r  CO^. I n  th e  case  o f  CS2 * however,
ou r  com pu ta tions  i n d i c a t e  t h a t  th e  lo w e s t-en e rg y  Rydberg o r b i t a l  o f
s - ty p e  i s  composed o f  33% 3s c h a r a c t e r  and 677. 4s c h a r a c t e r .  Thec s
q u e s t i o n  im m ed ia te ly  a r i s e s :  What v a lu e  o f  n , th e  p r i n c i p a l  quantum
number, should  be used f o r  such  an o r b i t a l ?  I f  we choose , based  on 
th e  dominance o f  th e  4 sg c h a r a c t e r ,  t o  s e t  n=4, i t  i s  c l e a r  t h a t  
t h i s  r a t h e r  a r b i t r a r y  ch o ice  must l a t e r  be r e f l e c t e d  i n  th e  v a lu e  
o f  th e  quantum d e f e c t  r e q u i r e d  to  p ro v id e  co rre spondence  w i th  
e x p e r im en t .
M o lecu la r  Rydberg s t a t e s  a re  g e n e ra te d  by prom oting  a 
v a le n c e  e l e c t r o n  t o  an  o r b i t a l  so d i f f u s e  t h a t  i t  e n g u l f s  th e  whole
m o lecu le .  The energy o f t h i s  type  o f  t r a n s i t i o n  i s  
En = A - R / ( n - 6 ) 2
where A i s  th e  v a l e n c e - e l e c t r o n  i o n i z a t i o n  e n e rg y ;  R i s  th e  Rydberg
c o n s t a n t ;  n i s  th e  p r i n c i p a l  quantum number o f  th e  AO which dom inates
th e  c o n s t i t u t i o n  o f  th e  Rydberg o r b i t a l ;  and 5 i s  a quantum d e f e c t .
The Rydberg s t a t e s  o f  homopolar d ia to m ic  m olecu les  have been  d is c u s s e d  
31by M u llik en  ; th e  n a tu r e  o f  th e  quantum d e f e c t  6 has  been  t r e a t e d  
32b r i e f l y  by Walsh .
The magnitude o f  th e  quantum d e f e c t  depends upon th e  
e x t e n t  o f  o r b i t a l  p e n e t r a t i o n  i n t o  th e  i n t e r i o r  o f  th e  m o le c u le .  The 
d eep e r  t h i s  p e n e t r a t i o n ,  th e  l a r g e r  i s  th e  e f f e c t i v e  co re  charge  seen  
by e l e c t r o n s  i n  th e  o r b i t a l  and th e  l a r g e r  i s  th e  quantum d e f e c t .
Thus, f o r  m o lecu les  composed o f  2nd row atom s, th e  quantum d e f e c t s  
a r e  6 =** 1 .0 ,  =- 0 .5  & =■* 0 .1  f o r  s - ,  p - ,  & d - ty p e  Rydberg MO's, 
r e s p e c t i v e l y .  S ince c o r e - s h i e l d i n g  i s  l e s s  e f f e c t i v e  i n  th e  3rd  
rcw a tom s, the c o rre sp o n d in g  quantum d e f e c t s  f o r  m olecu les  composed 
o f such atoms a re  l a r g e r  and a r e  g iv en  by 6 »  2 ,0 ,  =* 1 .5  & =■* 0 .4 ,  
r e s p e c t i v e l y .  The s e t s  o f  6 *s g iv en  above a r e  e x p e r im e n ta l  and of 
r e a s o n a b le  g e n e r a l i t y .  The q u e s t io n  o f  i n t e r e s t  now i s  th e  s e t  o f  
6 - v a lu e s  t o  be used i n  a m o lecu le  such as  CS^* In  th e  case  o f  th e  
s - ty p e  Rydberg HO we have d i s c u s s e d ,  i f  we choose n = 4 ,  i t  fo l lo w s  
t h a t  6 shou ld  l i e  i n  th e  ran g e  1 . 0  < 6 < 2 . 0  and t h a t  s im i la r  
i n t e r m e d ia c ie s  might a l s o  a p p ly  t o  p -  and d - ty p e  Rydbergs in  such
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m o le c u le s .  We have observed such in te rm e d ia ry  f i 's  i n  CS^ and OCS; 
th e y  a r e  of va lu e  i n  c h a r a c t e r i z i n g  Rydberg s e r i e s  and i n  d e r iv in g  
e s t i m a te s  o f  the  VAO com posit ion  o f  Rydbergs i n  m olecu les  c o n s i s t i n g  
of atoms from d i f f e r e n t  rows o f  th e  p e r io d ic  t a b l e .  S ince  th e s e  two 
m o lecu les  ( i . e . ,  CS2  and OCS) p ro v id e  th e  o n ly  two known examples 
o f  in te rm e d ia ry  quantum d e f e c t s ,  i t  i s  c l e a r  t h a t  f u r t h e r  s tu d y  i s  
i n  o r d e r .
The c a l c u l a t i o n s  perform ed on CSg, CO^, NCCA and NCO 
in c lu d e d  c e r t a i n  VAO's from th e  v a r io u s  a to m ic  c e n te r s  on the  
m o le c u le .  These c a l c u l a t i o n s  acco rd  w i th  th e  mixed n a tu r e  o f  the  
Rydberg MO's. They i n v a r i a b l y  p r e d i c t  t h a t  th e  low est Rydberg 
s t a t e  should  be o f  s - ty p e  and t h a t  i t  should  l i e  a t  h ig h e r  e n e r g ie s  
th a n  th e  low er-energy  t t  -+ s t a t e s .
D. ELECTRONEGATIVITY CONSIDERATIONS .
C e r ta in  o f  th e  m o lecu les  d is c u s s e d  h e re  ab so rb  a t  much
low er e n e r g ie s  th a n  o t h e r s .  A r a t i o n a l i z a t i o n  o f  th e se  d i f f e r e n c e s
2
has been  g iven  by Walsh ; The low est en erg y  e l e c t r o n i c  t r a n s i t i o n
ta k e s  p la c e  from an  o r b i t a l  l a r g e l y  l o c a l i z e d  on th e  end atoms
( I t t  , see  F i g . 3) to  an  o r b i t a l  l a r g e l y  l o c a l i z e d  on th e  c e n t r a l  
S
atom (2 ttu) .  C o n s id e r in g  ^ 0  and CO^, th e  o r b i t a l  l a r g e l y  l o c a l i z e d  
on th e  end atoms should  be l e s s - t i g h t l y  bound i n  NNO th a n  0C0 because  
o f  th e  lower e l e c t r o n e g a t i v i t y  o f  th e  N atom r e l a t i v e  to  th e  0 atom. 
However, the  o r b i t a l  l a r g e l y  lo c a l i z e d  on th e  c e n t r a l  atom should  be 
m o r e - t i g h t ly  bound i n  NNO th a n  OCO because  th e  N atom i s  more
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e l e c t r o n e g a t iv e  than th e  C atom . The e l e c t r o n i c  e x c i t a t i o n  i n  ^ 0 ,
th e r e f o r e ,  shou ld  r e q u i r e  l e s s  energy th a n  t h a t  in  CO^. T h i s ,  of
course , i s  th e  s i t u a t i o n  o b se rv ed  e x p e r im e n ta l ly .
We w ish  to  expand W alsh 's  p r o p o s a l  in  o rd e r  t o  p r e d i c t
usable q u a l i t a t i v e  t r e n d s  i n  th e  e n e r g ie s  o f  a b so rp t io n  s p e c t r a .
The m olecu les  s tu d ied  h e re  a r e  d iv ided  i n t o  two g roups; The XCX*
and the XNX* groups. The sura o f  the  P a u l in g  e l e c t r o n e g a t i v i t i e s
of X and X / a r e  l i s t e d  i n  t h e  second column o f  Table V I I .  The
barycenters o f the Itt ■-» 2tt and 3ff -* 2tt tr a n s it io n s , from MWH J  g u u u *
c a l c u l a t i o n s ,  a re  l i s t e d  i n  columns 3 & 4 .
I t  i s  ev iden t t h a t ,  when the  c e n t r a l  atom rem a in s
unchanged, th e  t r a n s i t i o n  e n e rg y  should v a r y  acco rd in g  t o  th e
e l e c t r o n e g a t i v i t y  of th e  tw o end atoms. T h is  p r e d i c t i o n  r e s u l t s
from the com plete lo c a l iz a t io n  of the I tt m olecular o r b i t a l  on the
g
two end a tom s i n  GÔ  and i t s  a lm ost conqplete s im i la r  l o c a l i z a t i o n  
i n  NNO. The degree o f  t h i s  l o c a l i z a t i o n  i s  dem onstra ted  by the  
MWH MO e ig e n v e c to r s :
° (1 )C° ( 2 ) : Y(XV  =
0.7071 2P - 0.7071 2p
XO( l )  (2)
0.7071 2pyO
Cl)
-  0.7071 2p
y°,( 2)
N ( i ) N ( 2 ) 0 :  V C 2 T T )  -  - J




+ 0.1281 2 p,yN( 2 )
- 0.7647 2pyO
The 3au o r b i t a l ,  a l th o u g h  n o t  so h e a v i ly  lo c a l i z e d  on t h e  end atoms,
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TABLE V II
A COMPARISON OF ELECTRONEGATIVITY AMD MfH RESULTS
xcx'
Sum o f  P a u l in g  
E l e c t r o n e g a t i v i t y  
o f  X  and X 1
WH E n e rg ie s
* b * b
lrr — 2 tt (ev ) 3d -* 2 tt (ev) g u '  u u
C ° 2
6 . 8 8 7 .141 8.018
HNCO 6.48 6 .248 7.969
ncca 6 . 2 0 6 .262 6.542
H2NCN 6.08 6 .085 6.392
OCS 6 . 0 2 6 .0 0 4 7.129
H2CCO 5.99 6 .106 7.123
HNCS 5.62 5 .3 4 4 7.134
CS 2
5 .16 5 .004 6.282
h 2 ccch2 5 .10 5 .616 6 .696
X N X '
•f*
no2 6 . 8 8 7 .6 0 8 9.920
NNO 6.48 5 .6 1 0 7.462
hn3 6 .08 4 .9 1 6 7.104
a R ef .3 3 .
bB ary ce n te r  o f  MO e x c i t a t i o n s  from MWH c a l c u l a t i o n s .
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i s  ex p ec te d  t o  be a f f e c t e d  i n  a  manner s i m i l a r  to  I tt̂  o r b i t a l .
He now c o n s id e r  th e  t r a n s i t i o n  en erg y  in  m o lecu les  in  
w hich  th e  end atoms rem ain i n v a r i a n t  b u t  i n  which the  c e n t r a l  atom 
v a r i e s .  By com parison o f  NNO t o  HNCO and HNNN to  H^NCN, i t  i s  
ex p ec ted  t h a t  th o se  m o lecu les  w i th  th e  more e l e c t r o n e g a t i v e  c e n t r a l  
atom  ( i . e . ,  N) shou ld  p o s se s s  th e  low er t r a n s i t i o n  e n e r g i e s .  Xhis 
p r e d i c t i o n  i s  based  on th e  dominance o f  c e n t r a l - a to m  AO c h a r a c t e r  in  
th e  2ttu“M0, a s  dem onstra ted  by th e  MWH MO e ig e n v e c to r s :
° ( 1 ) C° ( 2 ) !
0.4981 2p -  0 .7097 2p + 0.4981 2px ° d )  xC xO(2)
0.4981 2p n  -  0 .7097 2p _ + 0 .4981 2 p n
y° ( D  yC (2)
N( 1 ) N( 2 ) 0: * (3tT>
° * 6 6 9 3  2pxN(1) ■ ° * 5 8 8 1  2 PxN(2 )  -  ° * 4 5 4 2  2pxO
0.6693  2pyN( 1)
-  0 . 5 8 8 1  2pyN( 2 )
+ 0 .4542 2pyO
The v a l i d i t y  o f : : th i s  s u p p o s i t i o n  i s  a l s o  confirm ed i n  T ab le  V II .
Thus, th e  p ro p o sa l  o f  Walsh—a s  extended and c o r r e l a t e d
w i th  MWH r e s u l t s  i n  Table  V I I—p ro v id e s  q u a l i t a t i v e  p r e d i c t i o n s
co n ce rn in g  t r e n d s  i n  th e  p o s i t i o n s  o f  a b s o r p t io n  ban d s .  These
t r e n d s  should  be u s e f u l  i n  i d e n t i f y i n g  m o le c u la r  t r a n s i t i o n s ,
Rydberg and o th e r w is e ,  which a r i s e  from e x c i t a t i o n  o f  e l e c t r o n s
from  I tt and 3a m o le c u la r  o r b i t a l s ,  g u
I t  can be seen  from T ab le  V II t h a t  th e  e s t im a te d  energy  
o f  t h e  liTg 2t£  e x c i t a t i o n  v a r i e s  over a  range  o f 2 .225  ev ( i . e . ,
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from 7 .141  ev i n  COg t o  4 ,916  ev i n  HN^) w h i le  t h e  e s t im a te d  energy
of th e  3au "* 2tt̂  e x c i t a t i o n  v a r i e s  over a range  o f only  1 .736  ev
( i . e . ,  from  8 .018  ev i n  CO  ̂ t o  6 .282  ev in  CS2 ) . A lthough  th e s e
numbers r e p r e s e n t  o n e - e le c t r o n  e x c i t a t i o n  e n e r g ie s  (o r  b a r y c e n te r s )
f o r  th e  r e s u l t i n g  e l e c t r o n i c  s t a t e s ,  th e  q u a l i t a t i v e  t r e n d s  should
be v a l i d .  Thus, th e  e x c i t e d  s t a t e s  r e s u l t i n g  from th e  I tt -♦ 2n** g u
e x c i t a t i o n  sh o u ld —a s  a  r e s u l t  o f  th e  h ig h e r  c h a r g e - t r a n s f e r  n a tu re  
of th e  lTTg -» 2lf||| MO e x c i t a t  ion—v a ry  over a  w id e r  energy range  th a n  
th o se  r e s u l t i n g  from th e  3cu -» 2 rf^ e x c i t a t i o n .
E. FUNDAMENTAL FREQUENCIES OF VIBRATION
A knowledge o f  the  fundam enta l  f r e q u e n c ie s  o f  v i b r a t i o n
i s  i n d i s p e n s a b le  i n  d i s c u s s in g  e l e c t r o n i c  s p e c t r a .  The i d e n t i f i c a t i o n
o f  c e r t a i n  a c t i v e  v i b r a t i o n s  i s  o f  much h e lp  i n  d e te rm in in g  the
a llo w ed n ess  o r  fo rb id d e n n e s s  o f  e l e c t r o n i c  t r a n s i t i o n s  and t h e i r
f i n a l  a s s ig n m e n ts .  The fundam enta l f r e q u e n c ie s  o f  t h e  m o lecu les
s tu d ie d  h e re  a r e  g iv e n  i n  T ab le  V I I I .
The sym m etries o f  t h e s e  v i b r a t i o n a l  modes a r e  v e ry
im p o r ta n t ,  f o r  i t  i s  th e  sym m etries  t h a t  d e te rm in e  which modes
can coup le  t o  e l e c t r o n i c  t r a n s i t i o n s .  For exam ple, a p r o g r e s s io n
1 1 +i n  th e  bend ing  mode i s  coupled  t o  th e  Ilg ■*- Eg e l e c t r o n i c  
t r a n s i t i o n s  o f  bo th  COj and CS2 * Due t o  th e  p a r i t y  s e l e c t i o n  r u l e ,  
t h e  o n ly  a llow ed  members o f  t h i s  p r o g r e s s io n  which a re  observed  i n  
CO2 and CS2  a r e  th o s e  w i th  odd quantum numbers. In  OCS, on th e  
o th e r  h and , th e  p a r i t y  s e l e c t i o n  r u l e  i s  r e la x e d  and ev ery  quantum
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TABLE V I I I
FUNDAMENTAL VIBRATIONAL FREQUENCIES ( i n  c m '1 )




c s f *
1337 667 2 3 4 9
657 397 1 5 2 3
N0+35 1396 571 2 3 6 0
N5 36 1 3 6 0 6 5 0 2 0 4 0
V i < c r  )  v 2 ( t t )  v 3 ( o  )
OCS
“5 / 859 527 20 7 9
n 2 o 1 2 8 5 5 8 9 2 2 2 4
NCO-37 1 3 0 0 6 3 0 2 1 7 0
NCS"34 7 5 0 398 2 0 6 6
NCC£38 7 1 4 378 2 2 1 6
NCBr3 9 *^0
HOI41
575 342 2 1 9 8
4 5 2 329 2 1 7 6
2d
3 4
h 2c c c h 2
v l ( a l )
2 9 9 3
Vi0 (e)
1 4 3 2
vn (e)
1071 8 2 0
8 3 8 3 5 3
C2v v l < a l } v 2 ( a 1 ) v 3 ( a i )
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h 2c c o 3 0 6 9 2151 13 8 8
h 2n c ^ 3 3 2 7 2 22 5 9 1 5 8 6
ILjCNl/ 14 30 7 7 2102 1 4 1 4
v 1 C a / ) v2 ( a ' ) v3 ( a / )
HNCO45 3 5 3 1 2 2 7 4 1 3 2 7
HNNN4 6 ’ 47 3 3 3 6 2 1 4 0 1 2 7 4
1121
1 1 3 0
1 1 7 0
29 6 0  1 9 5 6 ( r . )  1389
1 9 8 0 ( i . r . )
W
3 1 6 6
W
97 8
3 3 6 5 ^  - — 
3185  11 0 9
797














I  1 +o f  th e  rt-mode co u p les  to  th e  II ♦- £  t r a n s i t i o n .
F .  ISOSTERIC VIBRATIONAL RATIOS
I s o s t e r i c  m o lecu les  a r e  i s o e l e c t r o n i c  and p o s s e s s  the  
same number o f  atoms d isp o sed  in  g e o m e t r ic a l ly  s i m i l a r  ways. The 
r a t i o  o f  f r e q u e n c ie s  o f  a g iven  normal mode i n  two such  m olecu les  
i s  termed an " i s o s t e r i c  r a t i o " .  Such a r a t i o  might be u s e f u l  in  
s t u d i e s  o f  th e  e l e c t r o n i c  sp ec tro sc o p y  o f i s o s t e r i c  m o le c u le s— i n  
ways w hich a r e  a k in ,  f o r  example, to  th e  use  o f  i s o t o p i c  r a t i o s  f o r  
i d e n t i f y i n g  th e  a b so rb in g  components o f  m ix tu res  o r  to  f i x a t e  a 
v i b r a t i o n a l  a ss ig n m e n t .
The e l e c t r o n i c  e n e r g ie s  and p o t e n t i a l  energy  f u n c t io n s  
o f  a m olecu le  depend p r im a r i ly  on th e  m otions  o f  th e  e l e c t r o n s  and 
on th e  Coulomb r e p u l s io n  o f  th e  n u c le a r  c e n t e r s ;  t h u s ,  th e se  
q u a n t i t i e s  a r e  i d e n t i c a l  i n  i s o t o p i c a l l y - d i f f e r e n t  m o le c u le s .  
However, th e  v i b r a t i o n a l  and r o t a t i o n a l  e n e r g i e s ,  b e in g  mass 
dep en d en t,  a r e  d i f f e r e n t  i n  i s o t o p i c a l l y - d i f f e r e n t  m o le c u le s .  
Ind eed , i f  t h e  m olecu le  i n  q u e s t io n  c o n ta in s  on ly  one normal mode 
o f a c e r t a i n  symmetry ty p e ,  th e  r a t i o  o f  i s o t o p i c  f r e q u e n c ie s  i s
is* = pu^
where u)  ̂ and <jj* d eno te  f r e q u e n c ie s  o f  v i b r a t i o n  of normal and 
i s o t o p i c  m o le c u le s ,  r e s p e c t i v e l y ,  and where p depends on ly  on 
n u c le a r  m asses and m o le c u la r  geom etry . I f  th e  m olecu le  c o n ta in s
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s e v e r a l  v i b r a t i o n s  o f  th e  same symmetry ty p e ,  th e  above r e l a t i o n  
c o n v e r ts  to  th e  T e l l e r - R e d l i c h  p ro d u c t  r u l e
-  pnuji
34The f a c t o r  p can be e v a lu a te d  e x a c t ly  by r a t h e r  s im ple  means.
We now seek  ex p an s io n  o f th e  i s o t o p i c  r a t i o  concep t i n to  
an  i s o s t e r i c  r a t i o  p r i n c i p l e .  U n fo r tu n a te ly ,  th e r e  i s  no r e a s o n  to  
e x p e c t  t h a t  th e  e l e c t r o n i c  e n e r g ie s  o r  p o t e n t i a l  energy  fu n c t io n s  o f  
i s o s t e r i c  m o lecu les  should  be i d e n t i c a l .  N o n e th e le s s ,  E q 's . 5  & 6 
may be used f o r  such  m o lecu les  and th e s e  e q u a t io n s  may be made e x a c t  
by in c lu d in g  bond le n g th  and f o r c e - c o n s t a n t  v a r i a t i o n s  w i th in  the  
p a i r  o f  i s o s t e r i c  m o lecu les  i n t o  th e  f a c t o r  p. T h is  in fo rm a t io n  i s  
u s u a l l y  n o t  a v a i l a b l e  and p i s  u s u a l l y  no t e v a lu a b le  by such m eans; 
however, p may be o b ta in e d  by d i r e c t  r e c o u rs e  to  th e  e x p e r im en ta l  
r a t i o  o f  f r e q u e n c i e s - - a  t a c t i c  w hich r e q u i r e s  t h a t  t h e  normal modes 
be i d e n t i f i a b l e  by some o th e r  means.
The q u a n t i t y  p f o r  th e  ground s t a t e  v i b r a t i o n a l  f r e q u e n c ie s  
o f  t h r e e  p a i r s  o f  i s o s t e r i c  m o lecu les  i s  g iv en  i n  T ab le  IX. The 
V1 & v3 v * k r a t io n s  o f  OCS a r e  b o th  o f  symmetry a  and a r e  n o t ,  
a c c o rd in g  t o  th e  T e l l e r - R e d l i c h  r u l e s ,  in d e p e n d e n t ;  n o n e th e l e s s ,  
we t r e a t  them so i n  Table  IX. The v a lu e  of p f o r  th e  ^  v i b r a t i o n s  
o f  th e  e x c i t e d  s t a t e  i s  a l s o  g iv e n  i n  Table IX. I f  one comparess
th e  r a t i o s  o f  f o r  th e  n  s t a t e  w i th  the  r a t i o s  o f  th e  th r e e
2  2  g
modes o f  th e  ground s t a t e ,  one f i n d s  th e  fo l lo w in g :  The r a t i o s  a r e
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TABLE XX
RATIOS OF FUNDAMENTAL FREQUENCIES FOR ISOSTERIC MOLECULES
1 * L
E (or Ground) S t a t e S t a t e









c o 2 , OCS* 0.642 0.790 0.885 521624 = 0 .835
OCS, c s* 0 .765 0.753 0 .733 397521 = 0 . 7 6 2
c o 2 , c s* 0 .491 0.595 0.648 397624 = 0 .636
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w id e ly  d i f f e r e n t  from  those  o f  th e  v^/v^ r a t i o  o f  th e  ground s t a t e .
When compared w i th  th e  r a t i o s ,  i t  i s  a p p a re n t  t h a t  some a re
h ig h e r  and some lo w e r ,  showing no c o n s i s te n c y .  When compared w i th
the  r a t i o s  o f  th e  ground s t a t e ,  one f i n d s  t h a t  th o s e  o f  th e
1
II s t a t e  a r e  c o n s i s t e n t l y  t o  67. h ig h e r .  Thus, th e  c o n s i s te n c y  
S
and agreem ent betw een th e se  r a t i o s  i n  the  ground and II s t a t e
S
lend  c o n f id en ce  t o  th e  v i b r a t i o n a l  ass ignm ent o f  v9 i n  th e  II
* 6
s t a t e .  The i s o s t e r i c  r a t i o s  o f  Tab le  IX p o i n t  o u t the  f o l lo w in g :
( i )  I s o s t e r i c  r a t i o s ,  used a s  i n  Table IX, have 
some u t i l i t y  i n  th e  i d e n t i f i c a t i o n  o f  the  v i b r a t i o n a l  modes which 
coup le  w i th  e l e c t r o n i c  e x c i t a t i o n s .
( i i )  The approx im ate  co n s tan cy  o f  p fo r  b o th  ground 
and e x c i t e d  s t a t e s  len d s  co n f id e n ce  t o  th e  ass ignm ent o f  a l l  th e se  
e x c i t e d  s t a t e s  t o  t h e  same ty p e  o f  o r b i t a l  e x c i t a t i o n .
I l l ,  EXPERIMENTAL
A. INSTRUMENTAL MEASUREMENTS
A b so rp tio n  s p e c t r a  i n  th e  v i s i b l e  and n e a r  u l t r a v i o l e t  (UV) 
r e g io n s  were rec o rd ed  on Cary Model 14 and 15 r e c o r d in g  s p e c t ro ­
p h o to m e te rs ,  The a b s o r p t io n  c e l l  . le n g th s  ranged  from  0.01 to  10 cm; 
c e l l s  were  c o n s t r u c te d  o f  fu sed  s i l i c a .
A b so rp t io n  s p e c t r a  i n  th e  vacuum u l t r a v i o l e t  re g io n  were 
o b ta in e d  u s in g  a  McPherson Model 225 one-m eter  s can n in g  monochromator 
equ ipped  w i th  th e  Model 665 double-beam  a t ta c h m e n t  and the  Model 781 
r a t i o  r e c o r d in g  system . The so u rce  was a McPherson Model 630 vacuum 
UV lamp o p e ra ted  w i th  a slow flow o f  hydrogen g a s .  L ith ium  f l u o r i d e  
windows were used i n  th e  l i g h t  so u rce  and i n  th e  sample and r e f e r e n c e  
c e l l s .
A vacuum l i n e  was a t t a c h e d  d i r e c t l y  to  th e  a b s o r p t io n  c e l l s
-4f o r  e a s e  o f  sam pling  and d e g a s s in g .  P r e s s u r e s  a s  low as  10 t o r r  
were o b ta in a b le  w i th  a  Welch Model 1402B vacuum pump. P re s su re s  
above 1mm were measured w i th  a  "S p eed iv ac 11 d i r e c t  r e a d in g  t o r r  gauge 
m anufactu red  by E dw ard 's  High Vacuum, L td .  P r e s s u r e s  below 1mm were 
measured us in g  a Veeco Model DV-1M therm ocouple  gauge, c o n t ro l le d  
by a  RJG-31X gauge, and c a l i b r a t e d  a g a i n s t  a  V a c u s ta t  McLeod gauge 
from E dw ard 's  High Vacuum,.. L td .  The sample c e l l  was i s o l a b l e  a t  
any d e s i r e d  vapo r p r e s s u r e  o f  th e  system  under s tu d y  o r ,  a l t e r n a t i v e l y ,  
cou ld  be used as  a  c o n t in u o u s - f lo w  c e l l  f o r  measurements on p ho to -  
decomposing sam ples .
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B. CHEMICALS AMD PURIFICATION PROCEDURES
The ch em ica ls  used i n  t h i s  work, t h e i r  o r i g i n ,  and method 
o f  p u r i f i c a t i o n  a r e  a s  fo l lo w s :
N i t ro u s  O xide, ^ 0 — 98.0% min. a s  o b ta in e d  from 
Matheson Chemical C o . ; used w i th o u t  f u r t h e r  
p u r i f i c a t i o n .
Carbon D io x id e ,  C0 2 “ _9 9 . 9 9 9 5  min. v o l  % as  o b ta in ed  
from  M atheson Chemical C o . ; used w ith o u t  
f u r t h e r  p u r i f i c a t i o n .
C arbonyl S u l f i d e ,  OCS— 97.5% min. a s  o b ta in e d  from 
Matheson Chemical C o . ; th e  m ajor im p u r i ty ,  CS2 , 
was removed by s e v e r a l  t r a p - t o - t r a p  d i s t i l l a t i o n s .
Carbon D i s u l f i d e ,  CS2 —O btained  as  th e  s p e c t r o s c o p ic  
g rade  from  M a l l in k ro d t  Chemical C o . ; used w i th o u t  
f u r t h e r  p u r i f i c a t i o n .
A lle n e  ^ C C C ^ — 97% min. a s  o b ta in e d  from Matheson
Chemical C o . ; used w i th o u t  f u r t h e r  p u r i f i c a t i o n .  
Mass s p e c t r o g r a p h ic  a n a ly s i s  showed no obvious 
i m p u r i t i e s .
X e tene , H ^ C C O —P rep a re d  by p y r o ly s i s  o f  a ce to n e  in  a
48k e te n e  g e n e r a to r  . A f t e r  p a s s in g  th ro u g h  a t r a p  
a t  0°C, i t  was c o l l e c t e d  a t  -78°C and p u r i f i e d  
by s e v e r a l  t r a p - t o - t r a p  d i s t i l l a t i o n s  on a  vacuum 
l i n e .  The spec trum  o f  th e  r e s u l t i n g  k e te n e  was 
run  im m ed ia te ly  a f t e r  p r e p a r a t i o n .
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Cyanamide, H^NCN--Obtained from Eastman Kodak C o . ;
p u r i f i e d  by slow vacuum s u b l im a t io n .  A ll  h a n d l in g  
and s t o r i n g  was done i n  a d ry  box because  o f  i t s  
h y g ro sc o p ic  n a tu r e .
Dim ethyl Cyanamide, (CH^^NON—O bta ined  from K & K 
L a b o r a to r i e s ;  p u r i f i e d  by s e v e r a l  vacuum 
d i s t i l l a t i o n s .
The so u rc e  and p u r i f i c a t i o n  p ro c e d u re s  o f  th e  a z id e  (NNN ) ,  
cy an a te  (NCO ) ,  and th lo c y a n a te  (NCS ) s a l t s  and the  c o r re sp o n d in g
4-6a c i d s ,  HNNN, HNCO, and HNCS,are d e s c r ib e d  i n  p re v io u s  p u b l i c a t i o n s .
C. ABSORPTION SPECTRA
A b so rp t io n  s p e c t ra ,  were measured down t o  1200^, whenever 
p o s s i b l e .  The sp ec tru m  of each  m olecule  was rec o rd ed  a s  o f te n  a s  
needed t o  i n s u r e  r e p r o d u c i b i l i t y  and a c c u ra c y  of m easurem ents.
Some o f  th e  s p e c t r a  r e p o r te d  h e re  have a l s o  been d is c u s s e d  
by o t h e r s .  We r e p o r t  them a g a in  on ly  i f  th e y  c o n ta in  b e t t e r  d a ta  than  
p r e v io u s ly  a v a i l a b l e  o r  i f  th ey  e x h i b i t  some f e a t u r e  o f  im portance  to  
o u r  c o r r e l a t i v e  e f f o r t s .  The spectrum  o f  each  m olecu le  w i l l  be 
d is c u s s e d  i n d i v i d u a l l y  and an ass ignm ent o f  th e  e x c i t e d  s t a t e s  i n  
t h a t  m olecu le  w i l l  be g iv e n .  The a ss ig n m en ts  g iv e n  a t  t h i s  p o in t  
w i l l  n o t n e c e s s a r i l y  be v a l i d a t e d  u n t i l  S e c t . IV .
1 . N i t ro u s  Oxide
The a b s o r p t io n  spec trum  o f  N^O has  been r e p o r te d  
49-58p r e v io u s ly  ; however, s a t i s f a c t o r y  s t a t e  i d e n t i f i c a t i o n s  a re
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l a c k i n g .  The a b s o r p t io n  beg in s  v e ry  weakly a t  <-*30658 and p o s se sse s  
maxima a t  29008, 27308, 18208, 14558, and 12848. The spec trum  i s  
shown i n  P i g . 9,
( i )  *- t r a n s i t i o n :  1 2 8 4 8 (9 .66ev1 ; f  -  0 .3 6 ;
The h ig h  i n t e n s i t y  o f  t h i s  t r a n s i t i o n  i n d i c a t e s  t h a t  i t  i s  a llow ed ; 
the  a b s o r p t io n  band i s  v e ry  sy m m etr ica l .  Z e l i k o f f ,  W atanabe, and 
I n n ^  (ZWI) have found s e v e r a l  weak d i f f u s e  peaks on th e  long  
w a v e le n g th  s lo p e  o f  t h i s  band and one sharp  peak a t  77 ,400  cm 
The sh a rp  peak was assumed to  be th e  f i r s t  member o f  a  Rydberg s e r i e s .  
We have n o t  observed  th e s e  p e a k s ,  p o s s ib ly  because  of l a r g e  s l i t  
w id th s .
( i i )  Xn «- t r a n s i t i o n ;  1 4 5 5 8 (8 .5 2 e v ) ; f  -  7.2x10
The i n t e n s i t y  o f  t h i s  band i s  r a t h e r  low f o r  an  a llow ed  t r a n s i t i o n ;
we a t t r i b u t e  t h i s  to  th e  f a c t  t h a t  i t  d e r iv e s  from the  p a r i t y
fo rb id d e n  *- *S+ t r a n s i t i o n  o f  D , m o le c u le s .  The t r a n s i t i o n  g g =oh
c o n s i s t s  o f  a  continuum  on w hich v i b r a t i o n a l  bands a r e  superim posed .
The v i b r a t i o n a l  bands a r e  l i s t e d  i n  Table X; th e  f r e q u e n c ie s  agree
q u i t e  w e l l  w ith  th o s e  o f  ZWI. The p r o g r e s s io n  s t a r t s  o u t  w i th
- 1
f r e q u e n c y  sp ac in g s  l a r g e r  th a n  800 cm ; t h i s  spac ing  d e c re a se s  v e ry
r a p i d l y ,  i n d i c a t i n g  c o n s id e r a b le  a n h a rm o n ic i ty .  The a c t i v e  v i b r a t i o n
•f*c o rre sp o n d s  to  th e  t o t a l l y  sym m etric  mode, v^(a . ) ,  whose frequency  i n  
th e  ground s t a t e  i s  1285 cm Each v i b r a t i o n a l  band i s  composed 
o f s e v e r a l  components, th e  sp a c in g s  between them be ing  ~ 1 5 0  cm ^ or 
l e s s .  These s p a c in g s  a r e  q u i t e  sm a l l ,  th e y  a r e  no t t o t a l l y  re so lv ed  
i n  our spec trum , and i t  i s  u n l i k e l y  t h a t  th e y  a re  v i b r a t i o n a l  in
F ig * 9: A b so rp t io n  spec trum  o f  n i t r o u s  o x id e , NjO.
Wavelength (m/i)



























PRIMARY VIBRATIONAL FREQUENCIES IN THE 1n -  1S* TRANSITION OF N..0
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n a t u r e .  They p ro b a b ly  correspond  to r o t a t i o n a l  s t r u c t u r e  caused  by a 
s l i g h t  bending  o f th e  m olecu le  in  th e  u p p e r  s t a t e  and i t s  consequent 
acq u irem en t o f  a low moment o f  i n e r t i a .  I f  the  m olecule  i s  b e n t  b u t  
a  few d e g re e s ,  th e  low moment of i n e r t i a  w i l l  produce l a r g e  r o t a t i o n a l  
s p l i t t i n g s .  The i n t e n s i t y  maximum i s  q u i t e  f a r  removed from  the  
o r i g i n ,  i n d i c a t i n g  c o n s id e ra b le  bond s t r e t c h i n g  in  th e  upper  s t a t e .
( i i i )  «- t r a n s i t i o n ;  1820&(6.81ev>; f  -  1.4x10 3 : 
Very weak v i b r a t i o n a l  bands a r e  superim posed  on t h i s  b ro ad  continuum; 
however, th e y  a r e  too  d i f f u s e  f o r  measurement and a n a l y s i s .  The low 
i n t e n s i t y ,  l a r g e  b an d -w id th ,  and fo rb id d e n  o r ig in  o f  th e  band 
i n d i c a t e s  t h a t  th e  upper s t a t e  in v o lv e s  c o n s id e ra b le  bond s t r e t c h i n g  
a n d /o r  ben d in g .
( i v )  *- t r a n s i t i o n ;  2 730^(4 .SAey1) ; f  ~  5x10
52Sponer and Bonner have observed  a c o n t in u o u s  a b s o r p t io n  u s in g  
p a th l e n g th s  o f  33m and s e v e r a l  a tm o sp h eres  p r e s s u r e .  The low i n t e n s i t y  
an d ico n t in u o u s- .n g ti i re .  o f  . th i s  a b s o r p t io n '- in d ic a te s  th a t; ' i t : 'c o r r e s p o n d s  
fo::a:‘. f6 r b id d e n r : t t a n a i t i o n .  The most obv ious ass ignm ent i s  th e  
"4 ;" 1 S+ t r a n s i t i o n ;  however, t h i s  m ust be co n s id e red  a  most t e n t a t i v e
d e s ig n a t io n .
(v )  3 S+ <- t r a n s i t i o n ;  2900&(4.28ev') ; f  2x10
52T his  t r a n s i t i o n  was a l s o  observed  by Sponer and Bonner u s in g  
p a th le n g th s  o f  33m and s e v e r a l  a tm o sp h eres  p re s s u re .  The observed 
o s c i l l a t o r  s t r e n g t h  i s  i n  th e  ex p ec ted  ra n g e  f o r  a m u l t i p l i c i t y -  
fo rb id d e n  t r a n s i t i o n  o f  the  type a s s ig n e d .
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49 51( v i )  Rvdberg T r a n s i t i o n s ; S e v e ra l  i n v e s t i g a t o r s  * 
have  r e p o r te d  Rydberg s e r i e s  a t  w a v e le n g th s  s h o r t e r  th a n  120oS. The 
l o n g e s t  w av e le n g th  s e r i e s  converges  t o  an  i o n i z a t i o n  p o t e n t i a l  o f '  
~ 1 2 .9 e v .
2* Carbon D io x id e
The a b s o r p t io n  sp ec tru m  o f  C O ^  h a s  been c o n s id e re d  by many 
59-73i n v e s t i g a t o r s  j however, th e  i d e n t i f i c a t i o n  o f  e l e c t r o n i c  s t a t e s
l e a v e s  much to  be d e s i r e d .  The sp ec tru m  i s  shown i n  F i g . 10, CO^ i s  
t r a n s p a r e n t  i n  th e  v i s i b l e  and n ea r  u l t r a v i o l e t  r e g io n s  and e x h i b i t s  
t h r e e  maxima i n  th e  vacuum u l t r a v i o l e t  r e g io n :  a t  1475, 1332, and
1 1 2 l£ .  A l l  o f  th e s e  c o n t in u a  p o s s e s s  superim posed  v i b r a t i o n a l  
s t r u c t u r e .
( i )  ^  *- t r a n s i t i o n ;  1 1 2 1 ^ (1 1 .08 ev ^ ; f  = 0 . 1 2 :
T h is  i s  th e  s t r o n g e s t  a b s o r p t i o n  band o f  CO^* I t  l i e s  beyond th e
s h o r t  w av e len g th  l i m i t  o f  o u r  c e l l  w indows, however, a s  g iv en  by
64In n ,  W atanabe, and Z e l i k o f f  , i t  i s  a b road  continuum  w i th  s u p e r ­
imposed Rydberg s t r u c t u r e .  The h ig h  i n t e n s i t y  o f  th e  t r a n s i t i o n  
i n d i c a t e s  t h a t  i t  i s  a l lo w e d .  The s t r o n g  bands o v e r ly in g  th e  
con tinuum  have b een  a n a ly z e d  and a s s ig n e d  a s  Rydberg s e r i e s  w i th  
accompanying v i b r a t i o n a l  s t r u c t u r e .  Rydberg a n a l y s i s  y i e l d s  13 .8ev  
f o r  th e  f i r s t  i o n i z a t i o n  p o t e n t i a l .
( i i )  ^  ^  t r a n s i t i o n ;  1332&C9.31ev); f  = 7 .5 x l0 ~ 3 :
The v i b r a t i o n a l  s t r u c t u r e  a s s o c i a t e d  w i t h  t h i s  t r a n s i t i o n  a p p e a r s ,  on 
c u r s o ry  e x a m in a t io n ,  t o  c o n s i s t  o f  one p r o g r e s s i o n  i n  a r-624 cm ^
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fre q u e n c y .  However, th e  i n t e r v a l s  a r e  to o  i r r e g u l a r  to  m e r i t
68a c c e p ta n c e  o f  t h i s  p r o p o s a l .  P r i c e  and Simpson su g g es ted  t h a t
th e s e  bands c o n s i s t  o f  two p r o g r e s s io n s  i n  the  same 1225 cm”*'
f req u e n cy  i n t e r v a l  and t h a t  t h i s  i n t e r v a l  co rresponds  t o  th e  v . ( a +)
i  g
normal mode o f  the  e x c i t e d  s t a t e .  We r e j e c t  t h i s  su g g e s t io n  f o r  
th e  fo l lo w in g  r e a s o n s :
(a )  S in ce  th e  t r a n s i t i o n  i s  p a r i t y  fo rb id d e n ,  i t  i s  
u n l i k e l y  t h a t  a p ro g e a s io n  c o n s i s t i n g  o f  ev ery  member o f  a t o t a l l y  
sym m etric  v i b r a t i o n  w i l l  be o b se rv ed .
(b) The freq u en cy  i n t e r v a l s  a re  no t s u f f i c i e n t l y
68r e g u l a r  t o  v a l i d a t e  th e  P rice -S im p so n  s u g g e s t io n .
Our a n a l y s i s  i s  as  f o l l o w s :  Only th e  and a* v i b r a t i o n s  can
1 1 1  + couple  w i th  a n s t a t e  to  make a II *- S t r a n s i t i o n  v i b r o n i c a l l y
© s  s
a l lo w e d .  S ince  on ly  odd members o f  th e s e  a n t isy m m etr ic  modes can 
coup le  and s in c e  t h e i r  ground s t a t e  f r e q u e n c ie s  a re  667 and 2349 cm \  
r e s p e c t i v e l y ,  the  a c t i v e  i n t e r v a l  a t  ~1225 cm *" must correspond  to  
th e  TTu v i b r a t i o n .  The r e s u l t i n g  s i t u a t i o n  i s  d e p ic te d  i n  F i g . H i  
th e  v i b r a t i o n a l  bands a r e  shown i n  T ab le  XX. The bands form two 
p r o g r e s s io n s  i n  th e  bending  f re q u e n c y ,  TT̂ i on ly  th e  odd members o f  
e i t h e r  p r o g r e s s io n  a r e  o b se rv ed . The p ro g r e s s io n s  p o s s e s s ,o r i g i n s  
a t  71 ,693 and 72 ,278 cm *, r e s p e c t i v e l y ;  however, due t o  the  o v e r la p  
o f  a lo n g e r-w a v e le n g th  e l e c t r o n i c  t r a n s i t i o n ,  i t  i s  d i f f i c u l t  to  
d e te rm in e  i f  th e s e  a r e  " t r u e "  o r i g i n s .  Any m o le c u la r  bending cau ses  
th e  ^11 s t a t e  to  s p l i t  i n t o  and ^Ag component s t a t e s ;  t h i s
6 0
F ig .  11: V ib ro n ic  s p e c ie s  o f  th e  TT v i b r a t i o n a l  l e v e l s  i n  th e  *11u g
e l e c t r o n i c  s t a t e  o f  (X ^ .*
v = v i b r a t i o n a l  quantum number o f  th e  bending  
v i b r a t i o n ,  V2 (iTu) . 
i ,  -  a n g u la r  momentum quantum number o f d e g en e ra te  
v i b r a t i o n s .
jI  = v ^ ,  v^ - 2 , v^  - 4, • • * • ,  1 o r  0. (F o r  d eg en e ra te  
v i b r a t i o n s ,  &  =  0 ) .
[Allowed s p e c ie s  f o r  t r a n s i t i o n s  from the ground s t a t e ,
*2^ ,  a r e  enc lo sed  i n  f r am e s ] .
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TABLE XI
VIBRATIOHAL FREQUENCIES IN THE 1n TRANSITION OF CO
& &  *
A(cm 1) B(cm
I  \(X) v(cm_1) v = 72,278 + n(624) v = 71,693 + n(624)
n = 1 , 3 , 5 , * - ' -  n = 1,3,5 ,****
5.9 1382.8 72317 ............ ........... — 72317
6 . 1 1371-6 72902 --------- ----------  72902
8 . 8 1360.6 73499 --------- ------------ 73565
9.5 1349.5 74102 --------- ----------  74150
10 1337.8 74755 - .......... ..............-  74813
9.1 1326.9 75358 --------- ----------  75398
8.5 1316.0 7 5 9 7 6  --------- -----------  76061
7.7 1304.7 76628 --------- .............  76646
7 .1 1293.9 77304 --------- -----------  77309
6 . 0 1283.5 77918 - .......... ----------  77894
4 .6 1273.1 78548 ............ -----------  78557
3.5 1263.0 79177 --------- ----------  79142
2 . 6 1253.1 79821 --------- •..............  79805
2 . 1 1243.8 80402 ............. .............. 80390
1.4 1233.9 81042 - .......... -----------  81053
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s p l i t t i n g  should  e q u a l  the  freq u en cy  d i f f e r e n c e  o f  th e  two p r o g r e s s io n s
( i . e . ,  ^ 8 5  cm ^ ) . The geometry o f th e  m olecule  i n  th e se  two s t a t e s
must be a lm ost i d e n t i c a l  because the  i n t e n s i t y  d i s t r i b u t i o n  i n  th e
two p r o g r e s s io n s  i s  v e ry  s i m i l a r .  The i r r e g u l a r i t i e s  i n  th e  f requency
i n t e r v a l s  a re  now seen  t o  a r i s e  because  each  v i b r a t i o n a l  member
beyond th e  f i r s t  i s  s p l i t  i n t o  s e v e r a l  components by th e  bending-
ind u ced  co u p lin g  o f v i b r a t i o n a l  and e l e c t r o n i c  a n g u la r  momentum as
shown i n  F i g . 11. F u r th e rm o re ,  th e  t r a n s i t i o n  from th e  ground s t a t e
p o s s e s s e s  a l lo w ed n ess  to  o n ly  one o f  th e s e  e x c i t e d  s t a t e  components.
The lo n g  p ro g r e s s io n s  i n  th e  bending mode and th e  f a c t  t h a t  th e
Franck-Condon maximum i s  c o n s id e ra b ly  removed from th e  o r ig i n  i n d i c a t e
t h a t  th e  upper s t a t e  i s  b en t  and t h a t  th e  bonds a r e  e lo n g a te d .
( i i i )  t r a n s i t i o n ;  1 4 7 5 ^ (8 .41ev '); f  = 6 .2x10
CC>2 i s  a v i b r a t i o n a l l y  d e f i c i e n t  m olecule and t h i s  t r a n s i t i o n  i s
74f o rb id d e n  by f i r B t - o r d e r  v i b r o n i c  co u p lin g  . T h is  should  make the
t r a n s i t i o n  v e ry  im probable  and i t  should  p o s se s s  a complex v i b r a t i o n a l
s t r u c t u r e .  In  agreem ent w i th  t h i s ,  i t  i s  found t h a t  emax = anc^
t h a t  th e  v i b r a t i o n a l  s t r u c t u r e  i s  weak, d i f f u s e ,  and a p p a r e n t ly
complex. O ther i n v e s t i g a t o r s  have been unab le  t o  o f f e r  any a n a l y s i s
f o r  th e s e  v i b r a t i o n a l  bands. The band ex ten d s  from ~175 rap, t o  ~139 mp,
1 1 +where i t  i s  l o s t  under th e  s t r o n g e r  n * -  2  a b s o r p t io n .  I t  i s  q u i te
S 8
p ro b a b le  t h a t  th e  maximum a t  1475& c o rre sp o n d s  t o  th e  ^^g
t r a n s i t i o n  w h ile  th e  weaker continuum  n ea r  165 mp, co rre sponds  to  th e
(^A0) «- *2+ t r a n s i t i o n  (which i s  fo rb id d e n  i n  C . ) .  u 2  g 2v '
The r a t h e r  l a r g e  f  compared to  th e  sm all  e i s  caused  by the  
l a r g e  bandw id th .
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( iv )  L2 ~ -  l 2 * t r a n s i t i o n ;  1900%(6.53ev^; £ ~  lx lO ~ 5 : 
T h is  weak, c o n t in u o u s  a b s o r p t io n  band c o rre sp o n d s  to  a fo rb id d e n  
t r a n s i t i o n .  No v i b r a t i o n a l  s t r u c t u r e  ap p ea rs  to  be a s s o c i a t e d  w i th  
th e  t r a n s i t i o n .
(v )  — *2* t r a n s i t i o n ;  2 5 3 5 ^ (4 .8 9 e v ) : Dixon**2
has o b ta in e d  h igh  r e s o l u t i o n  s p e c t r a  o f  the  ::' a f t e r g lo w : . ofC CC^ i n  the
62v i s i b l e  and n ear  u l t r a v i o l e t  r e g io n s .  The e m iss io n  has been a ss ig n e d  
1 1  1 +a s  Ay( B2 ) - *  Sg and supposed ly  co rre sp o n d s  t o  th e  a b s o r p t io n  maximum
a t  14758. T h is  r e p r e s e n t s  a v e ry  l a r g e  S tokes  s h i f t  o f  ~24,000 cm ^
w hich i s  a t t r i b u t e d  t o  an  em iss io n  from th e  minimum o f  an upper s t a t e ,
w hich i s  s t r o n g ly  b e n t  (1 2 2 °  ±  2 ° ) ,  to  v e ry  h ig h ly - e x c i t e d  v i b r a t i o n a l
l e v e l s  o f  the  ground s t a t e .  In  agreem ent w i th  t h i s ,  th e  c o a r se  and
f i n e  s t r u c t u r e  o f  th e  bands f i t  w i th  th e  p r e d ic te d  h ig h e r  v i b r a t i o n a l
l e v e l s  of th e  ground s t a t e .  We d i s c a r d  th e  above a ss ignm en t i n
3 3 1 +p re fe re n c e  to  th e  2 y ( I^ )  -* 2 g t r a n s i t i o n  f o r  th e  fo l lo w in g  r e a s o n s :
(a )  The Stokes s h i f t  r e q u i r e d  f o r  th e  ass ignm ent 
i s  abnorm ally  l a r g e ;
62(b) The r o t a t i o n a l  a n a l y s i s  o f  Dixon s p e c i f i e s  t h a t
th e  e x c i t e d  s t a t e  i s  bu t does not i n d i c a t e  w h e th e r  i t  i s  a s i n g l e t
o r  t r i p l e t ;
( c )  T h is  e m is s io n  i s  i n  e x a c t l y  th e  same en e rg y  re g io n  
3 3 1a s  th e  2 u ( B j) -* 2 g phosphorescence  observed  i n  o th e r  i s o e l e c t r o n i c  
5s p e c ie s  ( e . g . ,  NCO , HNCO, e t c ) ;
3 3(d) The 2^< B 2 > s t a t e  i s  ex p ec ted  to  be b e n t ,  th u s  
a c c o u n t in g  f o r  th e  t r a n s i t i o n s  to  h ig h e r  v i b r a t i o n a l  l e v e l s  o f  th e
ground s t a t e .
1  + 3  +(e )  T h is  a ss ig n m en t p ro v id e s  a ^  s p l i t  o f
6 .19ev , in  good agreem ent w i th  th e  l a r g e  s p l i t t i n g  p r e d ic t e d  i n
25T ab le  V.and the  c a l c u l a t i o n s  o f  M ulligan
3. Carbonyl S u lf id e
OCS has been in v e s t i g a t e d  p r e v i o u s l y ^ ’ ? 8 . however,
n e i t h e r  a complete spec trum  nor i n t e n s i t i e s  a re  a v a i l a b l e .  The
a b s o r p t io n  spectrum , shown in  F i g . 12, c o n s i s t s  o f  t h r e e  d i s t i n c t
m o lecu la r  t r a n s i t i o n s  w i th  maxima a t  ~2237, ~1667, and ~1527&
fo llo w ed , a t  s h o r t e r  w a v e le n g th s ,  by Rydberg s t r u c t u r e s .
( i )  * -  t r a n s i t i o n . ; ;  1527%(8.12ev)': f  = 0 .3 8 :
T h is  t r a n s i t i o n  c o n s i s t s  o f  s e v e r a l  d i f f u s e  bands whose f r e q u e n c ie s
a re  shown i n  Table X II .  The p r o g r e s s io n ,  whose o r i g i n  i s  a t  63 ,780 cm
co rresponds  to  th e  t o t a l l y  symmetric s t r e t c h i n g  freq u en cy  ( a  ) ,  w hich
i s  o f  energy  859 cm * i n  th e  ground s t a t e .  The p r o g r e s s io n  becomes
anharmonic towards s h o r t e r  w av e le n g th s .  Each v i b r a t i o n a l  band i s
composed o f  s e v e ra l  components w hich , as  no ted  e a r l i e r , a r e  p ro b ab ly
due t o  r o t a t i o n a l  s t r u c t u r e  r e s u l t i n g  from a s l i g h t l y  b en t  m o lecu le .
78Matsunaga and Watanabe have l i s t e d  a n o th e r  p r o g r e s s io n  which i s  
i n t e r l e a v e d  w i th  the  a  p r o g r e s s i o n ;  i t  i s  d i f f u l t  t o  de te rm ine  i f  
t h i s  i s  a new p r o g r e s s io n  o r  s im p ly . . r o ta t io n a l  components o f  th e  main 
( i . e . ,  o+) p ro g r e s s io n .  A Franck-Condon i n t e n s i t y  a n a l y s i s ,  a s  
d e sc r ib e d  i n  Appendix I I ,  i n d i c a t e s  t h a t  the  C-0 and C-S bond le n g th s  
i n  t h i s  e x c i t e d  s t a t e  a r e  1.2&R and 1 .6 b S , r e s p e c t i v e l y .  Th is
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PRIMARY VIBRATIONAL FREQUENCIES IN THE ^  1E+ TRANSITION OF PCS
R e la t iv e
I n t e n s i t y x(X) v(cm 1) Av(cm 1)
63780 ...........................—  ^
^ 8 5 3
6 4 6 3 3 ..........................
846
65479  ............................. C ''
" '781
6 6 2 6 0 ...............................
,775
6 7 0 3 5 ...................................
775
6 7 8 1 0 ..................................
"',730
























r e p r e s e n t s  an i n c r e a s e  o f  0 .16^  i n  th e  C~0 bond and 0.12R in  th e  C-S 
bond r e l a t i v e  to  th e  ground s t a t e .
( i i )  ^H‘ — *S+ t r a n s i t i o n ;  1667& (7.44ev); f  = 0 .1 3 :
T h is  band c o n s i s t s  o f  a continuum w hich  reach es  i t s  maximum some 
6*000 era"*- from t h e  o r i g i n .  Superimposed on t h i s  continuum  a re  
weak v i b r a t i o n a l  bands forming two s e p a r a te  p r o g r e s s io n s  re a c h in g  
t h e i r  maxima a t  ' '5 8 ,8 9 5  and <^0,150 cm r e s p e c t i v e l y .  These 
p r o g r e s s i o n s ,  a s  shown i n  Table X I I I ,  have an av e rag e  sp ac in g  o f  
513 cm**̂  and a r e  s e p a r a te d  from each  o th e r  by ~270 cm These a r e  
long  double  p r o g r e s s i o n s  i n  the  ben d in g  f re q e n c y ,  n, which i s  
527 cm in  th e  ground s t a t e .  Every quantum of the  v i b r a t i o n  i s  
a llo w ed  i n  t h i s  c a se  because th e  p a r i t y  s e l e c t i o n  r u l e  i s  re la x e d  
in  th e  C p o in t  g ro u p .  Bending th e  m olecu le  s p l i t s  th e  s t a t e  
i n t o  and ^A" s t a t e s  which we assume to  be s e p a ra te d  by the  
d i f f e r e n c e  i n  th e  two p ro g r e s s io n s ,  ~270 cm . The geometry o f 
th e  m olecule  i n  th e  two s t a t e s  i s  n o t  e x a c t ly  i d e n t i c a l  because  th e  
Franck-Condon maxima o f  the  two p r o g r e s s io n s  d i f f e r  by ~1255 cm 
The long  p r o g r e s s io n s  in  the  bending  mode and th e  f a c t  t h a t  th e  
Franck-Condon maximum o f  each p r o g r e s s io n  i s  a t  l e a s t  13 quan ta  
removed from th e  o r i g i n  In d ic a te s  t h a t  th e  m olecule  i s  s t r o n g ly  
b e n t  i n  th e s e  two s t a t e s .
( i i i )  XA -  1S+ t r a n s i t i o n :  223 7 ^(5 .5 4 e v ) : f  = 1 .8 x l0 ~ 3 : 
This  band has a f o r b id d e n  o r ig i n  and i s  v e ry  weak (e max = 8 1 .6 ) .  The 
unseem ly l a r g e  o s c i l l a t o r  s t r e n g th  r e s u l t s  from th e  unusua l b re a d th  
o f  t h i s  band. S e v e r a l  v i b r a t i o n a l  bands a r e  superposed  on the
68
TABLE X I I I
VIBRATIONAL FREQUENCIES IN THE 1TT «- *Y+ TRANSITION OF PCS
X(&
R e la t iv e
I n t e n s i t y
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T able  X I I I  Continued
. , 0 . R e l a t iv e  - I .  -1 .  -1* -1 . R e l a t iv e
X(X> I n t e n s i t y  i v < m  > v(cm > ' '<cm > > I n t e n s i t y
1650.9 8 6 .3  " '> 6 0 5 7 3  ">>444
1643.0 5 0 3 < _  6 0 8 6 4 '^  57 .4
1637.3 65 .7  " > 6 1 0 7 6  '^ '5 0 8
1629 .4  4 5 2 ^  61372t ' '  4 5 .8
1625.3 50 .9  " >  61528 " '> 9 7
1616.3  4 9 l< *  6 1 8 6 9 - ' ' '  30 .1
1612.4  35 .3  62019
continuum ; however, th e y  canno t be ana lyzed  because o f  t h e i r  low
68i n t e n s i t y  and d i f f u s e  n a tu r e .  P r ic e  and Simpson c la im  th e
o b s e r v a t io n  o f  th r e e  bands I n  t h i s  r e g io n .  We b e l ie v e  t h a t  th ese
t h r e e  bands a r e  i d e n t i c a l  t o  th e  b ro ad ly -sp a ce d  v i b r a t i o n a l  s t r u c t u r e
75bmentioned above. B recken ridge  and Taube have r e p o r te d  fou r
v i b r a t i o n a l  p r o g r e s s io n s  o f  v e ry  weak bands i n  t h i s  r e g io n .  They
conclude  t h a t  a t  l e a s t  one o f  th e se  p r o g r e s s io n  i s  due t o  " h o t"
bands and a s s i g n  th e  t r a n s i t i o n  as  one t o  a ben t upper s t a t e  of OCS,
namely (^A)^A ' o r  (*2  )^A ". We concur., w i th  the  *- ^2+ ass ig n m en t.
There a r e  no r e p o r t s  o f  th e  a b s o r p t io n  sp ec tru m  of
OCS i n  long p a th le n g th  c e l l s .  Such a  s tu d y  should  r e v e a l  t h a t  the  
1 -  1 +fo rb id d e n  2  <- 2  t r a n s i t i o n  l i e s  a t  lo n g e r  w av e le n g th s .
( i v )  Rydberg t r a n s i t i o n s ; At w aveleng ths  l e s s  than
1420^, th e r e  l i e s - a com plica ted  s e t  o f  Rydbergs f o r  w hich a n a l y s e s ^ ® * ^
49have been a t te m p te d .  Tanaka, J u r s a ,  and LeBlanc have su g g es ted  
t h a t  th e  bands a t  1400 .1& and 1293.2^ a r e  th e  beg inn ing  o f  th e  
f i r s t  Rydberg s e r i e s .  As shown in  Table  XIV, th e se  bands do f i t  
a TT -* ns Rydberg s e r i e s  w i th  an  i o n i z a t i o n  p o t e n t i a l  o f  ~ 1 0 .59ev ; 
however, ou r l im i t e d  d a ta  make th e  ass ignm ent a t e n t a t i v e  one . Each 
band i s  accompanied by v i b r a t i o n a l  members, th e  sp ac in g s  o f  which 
p ro b a b ly  correspond.... .: t o  th e  t o t a l l y  symmetric s t r e t c h i n g  freq u en cy .
The o th e r  bands i n  t h i s  r e g io n  a re  no t i d e n t i f i e d  h e re ,  a l th o u g h  th ey  
a r e  c e r t a i n l y  o f  Rydberg ty p e .  The quantum d e f e c t ,  6 = 1 .3 ,  i n d i c a t e s  
t h a t  th e  f i r s t  ns Rydberg i s  composed o f  b o th  the  4s a to m ic  o r b i t a l
7 8from  S and th e  3s a tom ic  o r b i t a l s  from C and 0 . Matsunaga and Watanabe
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TABLE XIV
RYDBERG SERIES IN OCS 
[F o r  d e f i n i t i o n s  o f  the  q u a n t i t i e s  A, 6 , & n , see  E q .4 ]
_i _i _ i _ i
S e r ie s  A(cm ) 6 n E(cm ) R e la t iv e  E(cm ) A\)(cm )
( c a l c . )  I n t e n s i t y  ( e x p t l . )
tt -  ns 85,420 1 .3  4 70,367
( 1 0 . 59ev)
cd 85 ,420
3 .9  71,423
' ' s .
2 .5  72 ,168 t '
2 .0  72 ,854 ' '
5 77 ,404  6 .9  77,328
3 .3  78 ,009 c '"
, , > 7 4  5 
' '> 6 8 6
'”'> 6 8 1
' '> 6 7 5
2 . 6  78 ,684
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have  l i s t e d  th e  components o f  a Rydberg s e r i e s  w hich c o n v e rg es  to  th e  
f i r s t  d o u b le t  i o n i z a t i o n  p o t e n t i a l  ( i . e . ,  11 .18  and 1 1 .2 2 e v ) .  Th is  
i o n i z a t i o n  p o t e n t i a l  a g r e e s  w i th  th e  convergence  l i m i t  o f  th e  
p h o t o i o n i z a t i o n  c u rv e .
4 .  Carbon D i s u l f id e
The r i c h l y  s t r u c t u r e d  spec trum  o f  CS^, shown i n  F i g . 13,
49 79-91h a s  been  a  c h a l l e n g e  to  many i n v e s t i g a t o r s .  * I t  i s  th e
most h ig h ly  s t r u c t u r e d  sp ec tru m  s tu d ie d  i n  t h i s  work: S e v e r a l
m o le c u la r  t r a n s i t i o n s  a r e  a p p a r e n t  i n  th e  lo n g -w a v e le n g th  r e g io n ,  
w h i l e  th e  s h o r t -w a v e le n g th  r e g io n  i s  dom inated by Rydberg s t r u c t u r e .  
Some o f  th e  bands a t  long w a v e le n g th s  have been  s p e c i f i c a l l y  i d e n t i f i e d  
p r e v i o u s l y .
( i )  <- l S* t r a n s i t i o n ;  1970%(6.29evT : f  = 1 . 1 :
T h is  t r a n s i t i o n  has  a h a l f - w i d t h  o f  =“2 ,8 0 0  cm ^ and shows v i b r a t i o n a l
s t r u c t u r e  th ro u g h o u t  i t s  e n t i r e t y ;  th e  p o t e n t i a l  w e l l  o f  th e  upper
s t a t e  m ust, o b v io u s ly ,  have a r a t h e r  deep minimum. Under low
r e s o l u t i o n ,  a  p r o g r e s s i o n  o f  some 16 bands s e p a r a te d  by ~410 cm ^
89i s  o b se rv e d .  These bands have b een  l i s t e d  by P r i c e  and Simpson
85and R am asastry  and Rao and u n d o u b ted ly  b e lo n g  to  th e  t o t a l l y
sym m etric  s t r e t c h i n g  f r e q u e n c y ,  V-Co*), red u ced  somewhat from  i t s
S
ground s t a t e  v a lu e  of 657 c m * \  From th e  co m p lic a te d  a p p ea ra n ce  
o f  th e  v i b r a t i o n a l  s t r u c t u r e ,  i t  i s  c l e a r  t h a t  more th a n  one upper  
s t a t e  f req u e n cy  i s  e x c i t e d ;  however, th e  v i b r a t i o n a l  s t r u c t u r i n g  i s  
in c o m p le te ly  u n d e rs to o d .  Under h ig h e r  r e s o l u t i o n ,  e ach  band o f  th e
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410 cm ^ p r o g r e s s io n  s p l i t s  i n t o  s e v e r a l  components. Douglas and 
81Zanon have pho tographed  some o f  th e s e  bands under h ig h - d i s p e r s io n
and have o b ta in e d  a p a r t i a l  r o t a t i o n a l  a n a l y s i s .  The upper s t a t e
ap p ea rs  t o  be th e  ^B^  s t a t e  o f  th e  b en t  m o lecu le :  S-C-S an g le  = 153°
and C-S d i s t a n c e  = 1.66&. T h is  s t a t e  c o r r e l a t e s  w i th  th e
2 u
s t a t e  of the  l i n e a r  m o lecu le .
( i i )  «- . . t r a n s i t i o n ;  3185&(3.89ev'): f  -  2 .7x10
The lo n g e r-w a v e len g th  a b s o r p t io n  bands o f CS^  can be s e p a ra te d  In to  
two system s: One e x te n d in g  from 3900 t o  3300X; th e  o th e r  from
3300 to  2900&. The s t r o n g e r  bands ly in g  i n  the  re g io n  3300 to  2900A
8 6 85have been s tu d ie d  by Lieberman and R am asastry  and Rao . These
86bands a r e  v e ry  complex and not w e l l  u n d e rs to o d .  I t  ap p ea rs  t h a t  th e
m olecu le  i s  b e n t  in  th e  e x c i t e d  s t a t e ;  in d e ed ,  some o f th e  bands a t
85 1th e  long w av e len g th  end o f  the  r e g io n  have been a s c r ib e d  t o  a A2
s t a t e .  The low i n t e n s i t y  of th e  t r a n s i t i o n ,  e = 35, i n d i c a t e s  t h a tJ  * max *
i t  i s  f o r b id d e n .  The com plex ity  of t h e  v i b r a t i o n a l  s t r u c t u r e  p ro b ab ly  
a r i s e s  from th e  s p l i t t i n g  o f  the  ^Au s t a t e  i n t o  th e  b e n t  ^ 2  and 
components.
( i i i )  «- t r a n s i t i o n ;  3 5 5 2 ^ (3 .49ev) : f  ~  8xl0~~*:
The bands i n  the  r e g io n  3900 to  3300S a r e  e x c e e d in g ly  complex. T h e ir
low i n t e n s i t y  i n d i c a t e s  fo r b id d e n n e s s .  The h i g h - r e s o l u t i o n  r o t a t i o n a l
82a n a l y s i s  o f  Kleman i n d i c a t e s  a s i n g l e t  e x c i t e d  s t a t e  in  w hich the
m olecu le  i s  b e n t :  S-C-S a n g le  = 13 5 .8 °  and C-S le n g th  = 1 .64$ .
87 83Kusch and Loomis and Douglas have shown, r e s p e c t i v e l y ,  t t e t
th e s e  bands e x h i b i t  pronounced m agnetic  r o t a t i o n  and Zeeman e f f e c t s ,
i n d i c a t i v e  of s p i n - t r i p l e t  n a tu r e .  High r e s o l u t i o n  s tu d ie s  of
th e s e  m agnetic  e f f e c t s  i n d i c a t e  t h a t  some o f th e  bands be long  t o  a
3
Bg component of a s t a t e .  Thus, th e  r o t a t i o n a l  s t r u c t u r e  i n d i c a t e s  
a s i n g l e t  s t a t e  w h i le  th e  m agnetic  e f f e c t s  p r e d i c t  a t r i p l e t  s t a t e .
These r e s u l t s  a r e  no t a l t o g e t h e r  in c o m p a t ib le .  The s t a t e  expected
i n  t h i s  energy  re g io n  i s  th e  s t a t e .  The s p l i t t i n g  between
1 - 3 - 25th e  £u and £  s t a t e s  i s  ex p ec ted  to  be n e g l i g i b l e .  Thus, i t  i s
1 * 1  3 " 3n o t  unexpected  t h a t  b o th  the  £^( Ag) and A2 ) s t a t e s  be found in
th e  same r e g io n .  The m ixing o f th e  v i b r a t i o n a l  bands of th e s e  two
s t a t e s  may c o n t r ib u t e  t o  p a r t  o f  th e  d i f f i c u l t i e s  ex p e r ien c e d  in
th e  a n a l y s i s .  The on ly  o b j e c t io n  t o  t h i s  a ss ignm en t i s  th e  f a c t  t h a t
th e  t r i p l e t  and s i n g l e t  s t a t e s  should  have c o n s id e ra b ly  d i f f e r e n t
i n t e n s i t i e s .
( i v )  ♦- '*'£* t r a n s i t i o n ;  1720&(7.20ev’>; f  = 2.9x10
&
T h is  t r a n s i t i o n  c o n s i s t s  o f  seven  d i s t i n c t  v i b r a t i o n a l  ban d s ,  the
f r e q u e n c ie s  o f  which a r e  shown i n  Table  XV. The bands become more
complex towards s h o r t e r  w a v e le n g th s .  The band a t  1 7 70 .2& i s  v e ry
sh a rp ,  w h ile  the  one a t  1747 . 2 8  shows two h ead s .  The bands a t  h ig h e r
f r e q u e n c ie s  show more heads and become i n c r e a s i n g l y  b r o a d e r .  These
89bands have been r e p o r te d  by P r i c e  and Simpson and a s s ig n e d  as  a
s in g le  p r o g r e s s io n  i n  th e  a n t is y m m etr ic  s t r e t c h i n g  f re q u e n c y ,  v« (ct+)*— j  u
We d is a g r e e  w i th  t h i s  a ss ignm en t f o r  th e  fo l lo w in g  re a s o n s :
(a )  P r ic e  and Simpson observe  a p r o g r e s s io n  o f  ~830 cm  ̂
th e  f r e q u e n c ie s  we f in d  do no t ag ree  w i th  th o s e  o f  P r i c e  and Simpson
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TABLE XV
PRIMARY VIBRATIONAL FREQUENCIES IN THE 1TT »- TRANSITION OF CS,.
R e la t iv e
I n t e n s i t y \(&) v(cm
v = 56 ,094  + n(397) 
n = 1 3 5 • • •*
2 . 9 1770.2 56,491 56,491
5 .8 1747.2 57,234 57,285
7 .8 1721.2 58,099 58,079
3 .7 1696.1 58,959 58,873
1 .5 1673.3 59,762 59,667
0 . 6 1651.7 60,544 60,461
0 .3 1633.9 61,203 61,255
and a re  to o  i r r e g u l a r  t o  be i n t e r p r e t e d  as  a s i n g l e  p ro g r e s s io n  of 
830 cm '1 .
(b) I f  th e  v i b r a t i o n  observed  i s  th e  m o d e , . i t  
would have t o  reduce  to  830 cm 1 from a ground s t a t e  v a lu e  of
1523 cm 1- - a  r e d u c t io n  o f  ^ 4 6 %. Such a  l a r g e  d e c re a se  in  f req u en cy  i s  
u n l i k e l y .
(c) The low i n t e n s i t y  o f  the  t r a n s i t i o n  i n d i c a t e s  
fo r b id d e n n e s s .  Such a c o n d i t io n  would no t a llow  o b s e r v a t io n  of every  
quantum o f  an  a n t isy m m etr ic  v i b r a t i o n .
Our a n a l y s i s  i n d i c a t e s  t h a t  the  p r o g r e s s io n  c o n s i s t s  o f  the  odd 
members o f  th e  bending  v i b r a t i o n ,  V2 (ttu) ,  e s s e n t i a l l y  unchanged in  
f req u en cy  from  th e  ground s t a t e  v a lu e  o f  397 cm 1 . The band a t  
1770.2$ i s  p ro b a b ly  the  0 -0  band. The p r o g r e s s io n  i n  th e  bending mode 
w i th  a maximum i n  th e  t h i r d  v i b r a t i o n a l  member i n d i c a t e s  some bending 
i n  th e  e x c i t e d  s t a t e .  The i r r e g u l a r i t i e s  in  th e  f r e q u e n c ie s  o f  th e s e  
bands can  be un d e rs to o d  from F i g . 11.
(v) 1n 12+ t r a n s i t i o n ;  IS lsX cS .lS ev )  ; f  = 4.4x10— u-------- g ’ • ~ ' ----------------------------- -
The v i b r a t i o n a l  f r e q u e n c ie s  of t h i s  band a re  g iv e n  in  Table  XVI. The
complex v i b r a t i o n a l  p a t t e r n  shows an  a p p a re n t  p r o g r e s s io n  of ^250 cm 1
89however, th e  sp ac in g s  a r e  no t v e ry  r e g u l a r .  P r i c e  and Simpson were
a l s o  unab le  t o  o f f e r  any e x p la n a t io n  f o r  t h i s  s t r u c t u r e .  At the  s h o r t
w aveleng th  edge o f th e  t r a n s i t i o n ,  th e  p ro g r e s s io n  d is a p p e a rs  b en ea th
a Rydberg band . The t r a n s i t i o n  must a r i s e  from th e  e x c i t a t i o n  of an
e l e c t r o n  from  one o f  th e  lower m o le c u la r  o r b i t a l s ,  say : Itt -* 2 tt o r* J  u u
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TABLE XVI
PRIMARY VIBRATIONAL FREQUENCIES IN THE V  -  TRANSITION OF CS,.
« X )  (WCcm'1) I n t e n s i t y
1 5 3 9 .0  64977  — v  0*7*
",310
x
1531.7  65287 — < [  1 .2
162X
1527.9  6 5 4 4 9 ................... - V .......................... ,  3 .7
\  %
; i ? 2










1518.5  6 5 8 5 4  <  251 5 .9
J*«113
1515 .9  6 5 9 6 7 .........................  '  8 .2
'"2 4 9
1510.2  6 6 216 ........................ * *  6 . 8
,242
X
1504.7  66458- — ..............< '  6 . 2
' ' > 7 3
1500.8  66631 .............. 5 .6
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4o -* 2 tt . The f i r s t  o f  th e se  e x c i t a t i o n s  i s  p a r i t y  fo rb id d e n ;  i t  g u
1 3 “ 1 3 +  1 3produces ’ ’ 'S > and * A s t a t e s .  The second e x c i t a t i o ns s s
1 3  1 1  +y ie ld s  * n u s t a t e s ;  t h e  IIu «- a ss ignm en t i s  th e  most re a so n a b le
fo r  th e  1516& band s in c e  i t  i s  the  o n ly  a llowed t r a n s i t i o n  f e a s i b l e ;
however, t h i s  a ss ignm ent must be c o n s id e re d  t e n t a t i v e .
(v i )  Rydberg t r a n s i t i o n s : Seven Rydberg s e r i e s  have
been o b se rv ed ;  they  c o n s i s t  of two rr -* n s ,  two tt -* np, and th r e e
tt -* nd s e r i e s .  The a n a l y s i s  of th e s e  bands a r e  g iven  i n  Table XVII.
The f i r s t  ns s e r i e s  e x h i b i t s  a l a r g e  quantum d e f e c t ,
5 = 1 .9 7 ,  i n d i c a t i n g  t h a t  th e  f i r s t  member o f  t h i s  s e r i e s  ( a t  1819&) 
i s  p red o m in an tly  o f  s u l f u r  4s c h a r a c t e r .  The f i r s t  band o f t h i s  
s e r i e s  i s  weak bu t v e r y  w ide , i n  agreem ent w i th  th e  fo rb id d e n  n a tu re  
o f  the  t: -♦ ns s e r i e s .  I t  i s  o b v io u s ly  composed of s e v e r a l  components 
and would c o n s t i t u t e  a v e ry  i n t e r e s t i n g  h i g h - r e s o l u t i o n  s tu d y .  The 
second ns s e r i e s  e x h i b i t s  a sm a lle r  quantum d e f e c t ,  6 = 1 .2 3 ,  
i n d i c a t i n g  t h a t  i t  has  c o n s id e ra b le  3s c h a r a c te r  from th e  carbon .
The two s e r i e s  converge to  10.09 and l O . l l e v ,  r e s p e c t i v e l y .
Both np s e r i e s  a r e  a l lo w e d ;  hence , th e  f i r s t  members of 
bo th  s e r i e s  a r e  v e ry  s t r o n g  and s h a r p .  The Rydberg a t  1 5 95 .5& i s  th e  
b eg in n in g  o f the  f i r s t  s e r i e s .  T h is  band i s  v e ry  i n t e n s e ,  emay = 6 8 ,0 0 0 , 
and so sh a rp  ( h a l f - h e i g h t  band w id th  ~60 cm as  to  be a lm ost 
a to m ic .  The s e v e r a l  heads  observed on t h i s  band a r e  p ro b a b ly  
due to  w ide  r o t a t i o n a l  sp ac in g s  a t t r i b u t a b l e  to  th e  low moment 
o f i n e r t i a  o f  a s l i g h t l y  b en t m o lecu le .  From th e  s i z e  o f  th e  
quantum d e f e c t ,  6 = 1 .5 6 ,  we conclude t h a t  th e  f i r s t  member o f  the  
s e r i e s  i s  composed a lm o s t  e n t i r e l y  o f  4p c h a r a c t e r  from th e  s u l f u r
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TABLE XVII 
RYDBERG SERIES IN CS^
LFor d e f i n i t i o n s  o f  th e  q u a n t i t i e s  A, 8 , & n , see  E q .4 ]
S e r i e s A(cra *) 5 n Energy 
(cm , c a l c . )
I n t e n s i t y
( f )
E nergy  
(cm \ e x p t l . )
t t  -• ns 81,400 1 .97 4 54,771 6 . 0x 1 0 " 2 54,963 1819 .4
( 1 0 ,09ev) 5 69,447 9 .9x10 " 3 69,401 1440.9
6 74,643 weak 74,845 1336.1
CD 81,400
t t  -* ns 81,560 1 .23 4 67,258 1 . lx lO - 2 67,249 1487.0











tt -* np 81,440 1 .56 4 63,008 3 .6x10 " 2 62,676 1595.5
( 1 0 -lOev) 5 72,167 72,239 1384 .3
6 75,873 75,763 1319.9
7 77,732 - 7 7 ,7 5 0 -1286
8 78 ,794 78 ,796 1269.1
9 79,458 79,441 1258.8
CO 81,440
t t  -* np 81,320 1 .03 4 68,879 0.18 7 0 , 8 0 6 1412.3
( 1 0 . 08ev) 5 74,357 0 . 1 0 74 ,394 1344.2
6 76,877 76 ,894 1300.5
7 78,241 78,249 -1 2 7 8
CD 81,320
tt nd 81,735 0 .4 6 3 64,726 9 .2 x l0 " 3 64,358 1553.8
( 1 0 . 13ev) 4 72,978 72,966 1370.5
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Table  XVII Continued
S e r ie s  A(cm‘ l ) 6 n ^ e r8 y  I ^ e e e i t y  Energy ^
(cm , c a l c . )  ( f )  (cm , e x p t l . )
5 76 ,411 76 ,402  1308.9
6 78 ,160  78 ,150 1279.6
7 79,169 79 ,173 1263.1
81,735
t t  -  nd 81,299 0 .4 4  3 64 ,554  l . l x l O - 2  63 ,359 1578.3
(10 .08ev) 4 72 ,640 72 ,558 1378.2
5 76 ,022  75 ,962 1316.2
6 77 ,749 7 7 , 6 8 8  1287.2
7 78 ,749 78,691 1270.8
81,299
t t  -  n d  81,270 0 .47  3 64,126 7 .6 x l0 - 3  62,031 1612.1
(10 .0 8 ev )  4 72 ,463  72 ,490  1379.5
5 75,922 75 ,884 1317.8
81,270
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a tom s. The f i r s t  member o f  th e  second s e r i e s  i s  a l s o  v e r y  s h a rp  and 
i n t e n s e  ( e max -  1 4 8 ,0 0 0 ) .  The quantum d e f e c t ,  6 1 .0 3 ,  i n d i c a t e s
t h a t  th e  f i r s t  member i s  a m ix tu re  o f  4p- and 3p-AO's from  s u l f u r  and 
ca rb o n ,  r e s p e c t i v e l y .  The two s e r i e s  converge  t o  10 .10  and 1 0 .0 8 ev , 
r e s p e c t i v e l y .
The t h r e e  nd s e r i e s  a r e  a l s o  l i s t e d  in  T ab le  XVII. The
f i r s t  two s e r i e s  l i s t e d ,  s t a r t i n g  from  t h e  second member o f  e a c h ,  were
89p r e v io u s ly  r e p o r te d  by P r i c e  and Simpson and Tanaka, J u r s a  and 
49LeBlanc who d id  n o t  a t t e m p t  to  l a b e l  th e  s e r i e s .  The ag reem ent o f
ou r  m easurements w i th  th o se  o f  P r i c e  - Simpson and Tanaka - J u r s a  -
LeBlanc i s  v e ry  good. In  a d d i t i o n ,  we have a s s ig n e d  th e  f i r s t  members 
o f  t h e s e  two s e r i e s  and lo c a t e  a t h i r d  s e r i e s ;  th e  f i r s t  members o f  
th e  s e r i e s  c o n s i s t s  of th e  t h r e e  weak bands found i n  th e  v i c i n i t y  o f  
th e  1595 .58  band . P r i c e  and Simpson®^ have a s s ig n e d  th e s e  as  
v i b r a t i o n a l  e x c i t a t i o n s  a s s o c i a t e d  w i th  th e  1595 .58  b and . In  
p a r t i c u l a r ,  t h e  1612& band was th o u g h t  to  be a  h o t  band i n  th e  
v^(657 cm ■*") ground s t a t e  f r e q u e n c y ;  th e  1 5 78 .38  band was th o u g h t  
t o  be a v i b r a t i o n a l  band c o r re sp o n d in g  to  th e  mode i n  th e  e x c i t e d  
s t a t e ;  and th e  1553 .88  band was th o u g h t  t o  be  a v i b r a t i o n a l  band 
c o r re sp o n d in g  to  th e  mode i n  th e  e x c i t e d  s t a t e .  We d i s a g r e e  w i th  
th e s e  a s s ig n m e n ts  f o r  th e  f o l lo w in g  r e a s o n s :
(a )  The band a t  1 6 1 2 . lR i s  to o  i n t e n s e  to  be a  ho t 
band a r i s i n g  from a  l e v e l  some 657 cm ^ above th e  ground s t a t e .
(b) The a ss ig n m e n t  of th e  1553 .88  band v i o l a t e s  
s e l e c t i o n  r u l e s .
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(c )  Our measurements i n d i c a t e  t h a t  th e  d i f f e r e n c e s  
between th e  1395.5 and 1578.3^ bands and th e  1595.5  and 1553.8^ 
bands a r e  683 and 1682 cm \  r e s p e c t i v e l y .  I f  t h e s e  a re  a s s ig n e d  a s  
th e  Vj and f r e q u e n c ie s  o f  th e  e x c i t e d  s t a t e ,  th e y  would r e p r e s e n t  
in c r e a s e s  from the  ground s t a t e  v a lu e s  o f 657 and 1523 cm ■*■. Such an 
in c r e a s e  i n  b o th  f r e q u e n c ie s  i s  h ig h ly  u n l ik e ly .  We f e e l  t h a t  th e s e  
t h r e e  bands a r e  more p r o p e r ly  a s s ig n e d  as the  b e g in n in g s  of th e  
TT -* nd Rydberg s e r i e s .  The bands a r e  weak, i n  accordance  w i th  the  
fo rb id d e n n e s s  o f th e  tt -» nd s e r i e s .  The s i z e  o f th e  quantum d e f e c t s  
i n d i c a t e s  tin  t  th e  f i r s t  members o f  th e s e  s e r i e s  a r e  l a r g e l y  composed 
o f s u l f u r  3d o r b i t a l s .  The s e r i e s  converge to  1 0 .1 3 ,  10 .0 8 ,  and 10 .08ev .
A s t r o n g  sharp  band i s  observed a t  1403 .6&. T h is  band
i s  e v id e n t ly  th e  b e g in n in g  o f a new Rydberg s e r i e s ;  however, a d d i t i o n a l  
members were not found.
5 . A llen e
The a b s o r p t io n  spec trum  o f  a l l e n e ,  HgCCCI^, has been s tu d ie d  
92by S u t c l i f f e  and Walsh . The sp ec tru m , shewn i n  F i g . 14, c o n s i s t s  of
a co n tin u o u s  a b s o r p t io n  between 2500 and 1930&, a weak s t r u c t u r e d
t r a n s i t i o n  a t  18502, an  in t e n s e  s t r u c t u r e d  band a t  1715&, and 
c o n s id e ra b le  Rydberg s t r u c t u r e  a t  s h o r t e r  w a v e le n g th s .
( i )  1B„ ( 1 S^) <- 1A1 ( 1^  t r a n s i t i o n ;  1715%(7.23ev't : f = 0 .3 4 ;
The v i b r a t i o n a l  s t r u c t u r e  o f  t h i s  t r a n s i t i o n  i s  shown i n  T ab le  XVIII.
I t  c o n s i s t s  o f  a  number of v e ry  weak and d i f f u s e  bands o f  w hich p r e c i s e
84
















Wavelength (m ^ )
26 0  2 4 0  220  2 0 0  180 160
30
- 2 - 3-20 X 10x 10x 2 .8 6 x 10
20
3 s
38 4 0  42  4 4 4 6  48 5 4  56  58 60  6250 52
Frequency ( kK)






5 4  s 5 s




rru-M««.x V J.BKA J. J-UNAij -LJN XftE. L ,  )  *-
OF ALLENE
A, V JL. )  XnAHO-Lllun ■ 1 v ■
R e la t iv e
I n t e n s i t y u h
- 1  - 1  v(cm ) Av(cm ) Av(cm *)
1 .9 1780.9 56149 .................... - .................... .
' ' 8 1 5





5 .5 1745.1 57303------------- ' ' \\\
^ > 8 1 3








7-4 1715 .0 5 8309 ------------- ' ///
00 • O' 1707-2 58575 ................. c ------------------
'2 8 7
1 1 1 1
* *





6 .7 1691.5 5 9119------------- //
7 .3 1685.1 5 9 3 4 4 ---------------------- ---------- -
' ' 7 5 6
6 . 8 1663.9 60100 ............................. ..............
> 7 2 1
5 .4 1644.2 60821 --------------- --------------- -
" ' \ 6 0 0
4 .2 1628.1 6 1 4 2 1 .............— .............. ............
> .510
3 .0 1614.7 6 1 9 3 1 ........................... — ........... ____
measurement i s  a lm ost im p o s s ib le .  The p ro g r e s s io n  o f some e ig h t
bands e x h i b i t s  an i n i t i a l  f req u en cy  d i f f e r e n c e  of 815 cm X which
d im in ish e s  r a p i d l y  because  o f  a n h a rm o n ic i ty .  S ix  o th e r  f requency
- 1i n t e r v a l s  ra n g in g  from 339 to  257 cm were a l s o  o b se rv ed . The main
p r o g r e s s io n ,  i n i t i a t i n g  in  a Av o f 815 cm X, i s  a s s ig n e d  as  th e
t o t a l l y  sym m etr ica l  a^(C=C=C s t r e t c h i n g )  v i b r a t i o n  reduced  from i t s
- 1ground s t a t e  v a lu e  of 1071 cm . T h is  r e p r e s e n t s  a d e c rea se  o f  ~207a,
in  agreem ent w i th  p r o p o r t io n a t e  r e d u c t io n s  f o r  th e  same type  o f
t r a n s i t i o n  i n  e th y le n e  (1623 to  ~1370 cm X; 15.6%) and i n  k e ten e
(1120 t o  <~860 cm X; 23.2%). The lower f req u en cy  v i b r a t i o n s  p ro b ab ly
r e p r e s e n t  th e  n o n - t o t a l l y  sym m etrica l (C=C=C bending) v i b r a t i o n
which i s  353 cm 1 i n  th e  ground s t a t e .
P a r t  o f  th e  co m plex ity  o f  th e s e  bands a r i s e s  from
a Rydberg t r a n s i t i o n  and i t s  a s s o c i a t e d  v i b r a t i o n a l  s t r u c t u r e
w hich , a s  d is c u s s e d  below, i s  overlapped  by t h i s  t r a n s i t i o n .
92S u t c l i f f e  and Walsh a ss ig n e d  t h i s  whole band system  a s  th e  n = 3
member of a Rydberg s e r i e s .  We e v id e n t ly  d i s a g r e e  w i th  t h i s
a ss ig n m en t.
( i i )  LE (Xn ) -  1A- ( 1g * ~ ) t r a n s i t io n ;  1 8 5 o £ (6 .7 0 e v ) ; f= 3 .0 x !0 ~ 2 
6  i  te
This  band i s  weak presum ably  because o f  i t s  a n a lo g  r e l a t i o n  to  th e  
fo rb id d e n  XII- «- X2+ t r a n s i t i o n  o f  th e  D , m o le c u le s .  S ix  w e l l - d e f in e dg g roh
v i b r a t i o n a l  bands a r e  c l a s s i f i e d  in  T ab le  XIX; th e s e  bands e x h i b i t
_ \
an  i n i t i a l  sp ac in g  o f 644 cm and a re  anharmonic toward h ig h e r  
f r e q u e n c i e s .  At s h o r t e r  w aveleng ths  th e  t r a n s i t i o n  submerges below th e  
s t r o n g e r  a b s o r p t io n .  The 644 cm” X v i b r a t i o n  does not
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TABLE XIX
VIBRATIONAL FREQUENCIES IN THE l E ( 1 TIJ  TRANSITION OF ALLENE
R e la t iv e
I n t e n s i t y \ < X > v(cm Av(cm *■)
1 .9 1914.1 52244
4 .0 1890.8 52888
7 .4 1870.2 53470
10 1849.9 54057
9 .6 1831.3 54606







co rre sp o n d  t o  any of th e  t o t a l l y  symmetric modes s in c e  such would
r e q u i r e  an  abnormally;-/ l a r g e  d e c re a se  o f  th e  ground s t a t e  f r e q u e n c ie s
i n  th e  s t a t e .  I t  i s  most l i k e l y  t h a t  the  a c t i v e  v i b r a t i o n
r e p r e s e n t s  a  b^ mode (CHL, tw i s t i n g )  o r  an e mode (C=C=C bending) which
o ccu r  a t  820 and 838 cm r e s p e c t i v e l y ,  i n  th e  ground s t a t e .  A lthough
t h e s e  modes a r e  a n t i s y m m e t r ic ,  a l l  p o s s ib l e  p ro d u c ts  such a s  nb^ x  E
and ne x E, where n = 1 , 2 , 3 , * • • * ,  c o n ta in  a llow ed  components. Thus,
i f  th e  a c t i v e  v i b r a t i o n  i s  b ^ - ty p e ,  th e  upper s t a t e  i s  p ro b a b ly
p l a n a r ;  i f  i t  i s  e - t y p e ,  th e  upper s t a t e  p ro b a b ly  c o n ta in s  a b e n t
C-C-C g ro u p in g .
( i i i )  Long W avelength T r a n s i t i o n s ; C ontinuous a b s o r p t io n
b e g in s  a t  <*w2600& and e x ten d s  to  ~19305L At l e a s t  one e l e c t r o n i c
t r a n s i t i o n ,  and p o s s ib ly  more, a r e  invo lved  i n  t h i s  continuum . Of
th e  fo u r  s t a t e s ,  ^Ag* an<  ̂ a r i s e  from th e  2e -» 3e
1
MO e x c i t a t i o n  i n  a l l e n e ,  o n ly  th e  B ^  s t a t e  has been  a ss ig n e d  by us 
so  f a r .  There  i s  a sm all  i n f l e c t i o n  a t  ~2150& (5 .7 6 e v )  w i th  e r a  100
w hich  we d e s ig n a te  a s  th e  fo rb id d e n  ^Aj(^Au) ^A^(^E+) t r a n s i t i o n .
1 1  1 1  +The fo rb id d e n  A„( A ) *- A .(  S  ) t r a n s i t i o n  may acco u n t  f o r  th e  weak * u ^ §
a b s o r p t io n  i n  th e  r e g io n  2600 t o  2250^.
( i v )  Rydberg T r a n s i t i o n s ;  A l a r g e  number o f Rydberg
o 92bands e x i s t s  a t  w av e len g th s  s h o r t e r  th a n  1600A. S u t c l i f f e  and Walsh
have a r ra n g ed  th e se  bands i n t o  n in e  Rydberg s e r i e s  c o n s i s t i n g  o f th r e e
tt -* ns s e r i e s ,  fo u r  t t  ■* np s e r i e s ,  and two tt -» nd s e r i e s .  As p o in te d  
30o u t  by H erzberg  , some o f  th e s e  s e r i e s  a r e  f rag m e n ta ry  and p ro b a b ly
r e p r e s e n t  v i b r a t i o n a l  members of th e  main Rydberg b a n d s .  The Rydberg 
s t a t e s  ex p ec ted  a re  E(tt -• n s ) ,  Bg & E(tt -* np ) ,and  Bg & E(tt n d ) . 
S e v e ra l  o th e r  s t a t e s  a re  expec ted  from th e  np and nd s e r i e s ;  however, 
th e y  a r e  a l l  fo rb id d e n .  Our a n a ly s i s  o f  the  Rydberg s e r i e s  i s  shown 
i n  T able  XX.
The agreem ent o f  our s e r i e s  w i th  th o se  o f  S u t c l i f f e  and W alsh
f o r  th e  np and nd s e r i e s  i s  e x c e l l e n t .  We have extended* t h e i r  a s s ig n e d
s e r i e s  to  one' more member a t  s h o r t  w av e len g th s  and have a ss ig n ed
v i b r a t i o n a l  bands a s s o c i a t e d  w i th  th e  n = 4 member o f  th e  ns s e r i e s
and th e  n = 3 member of th e  np s e r i e s .  These a s s o c i a t e d  v i b r a t i o n s
a r e  v e ry  anharm onic and p ro b ab ly  r e p r e s e n t  the  t o t a l l y  sym m etrical
s t r e t c h i n g  v i b r a t i o n  which ap p ea rs  a t  1 0 7 1  cm  ̂ in  th e  ground s t a t e .
Each v i b r a t i o n a l  band, in c lu d in g  th e  main Rydberg, i s  composed o f
s e v e r a l  components which r e p r e s e n t s  e i t h e r  a v e ry  low -frequency
v i b r a t i o n  o r l a r g e  r o t a t i o n a l  s p a c in g s .  I n  view o f th e  o b s e rv a t io n
92o f  s i m i l a r  low -frequency  v i b r a t i o n s  i n  th e  spectrum  o f  e th y le n e  , 
th e  fo rm er e x p la n a t io n  seems th e  b e t t e r  of th e  two. V ib ra t io n s  
a s s o c i a t e d  w i t h  th e  n = 3 member o f  th e  ns s e r i e s  c anno t be fo llow ed  
because  o f  th e  o v e r lap  o f  t h i s  Rydberg w i th  th e  s t a t e .  However, 
i t  i s  presum ably  t h i s  Rydberg and i t s  a s s o c ia te d  v i b r a t i o n s  which 
make th e  r e g io n  o f the  ^B^ «- t r a n s i t i o n  (1800 - 1600&) d i f f i c u l t  
t o  a n a ly z e .  A weak band i s  observed  338 cm ^ to  th e  re d  of th e  n = 3 
member of th e  np s e r i e s .  T h is  p ro b a b ly  r e p r e s e n t s  a h o t  band from 
th e  a n t i s y m m e tr ie s !  e (C=C=C bending) v i b r a t i o n  o f  t h e  ground s t a t e  
w hich  has a  f req u en cy  of 353 cm ^ in  t h e  ground s t a t e .  Both th e  ns
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TABLE XX
RYDBERG SERIES OF ALLENE 
[F o r  d e f i n i t i o n  o f  th e  q u a n t i t i e s  A, 6 , & n , see  E q .4 ]
S e r ie s  ACcm'1) 6 n U &
T T - »  ns 82 ,210 1 .06  3 53,053 57,803 1730 .0
(1 0 .1 9 e v )  4 69 ,514  69,150 ^  1446.1
942
*
7 0 , 0 9 2 1 4 2 6 . 7  
579
7 0 , 6 7 1 1 4 1 5 . 0
5 75 ,141 75,136 1330.9
6 77 ,713 77,709 1286.9
7 79 ,100 79,114 1264.0
8 79 ,932 79,901 1251.5
9 80,469 80,580 1241.0
82,210
6 4 ,3 4 9 '„  1554.0
V  338
tt -  np 82 ,190 0.70 3 61,446 6 4 ,6 8 7 < "  1545.9
'  1046
(1 0 .1 9 e v )  65,733 i ' '  1521.3
' '  761






6 7 ,6 0 9 ' '  1479.1
4 72,113 71 ,902.^ 1390.8■N.
^  851
7 2 ,7 5 3 " ' 1374.5
5 76,225 76,199 1312 .4
Table  XX Continued
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S e r ie s  A(cm 6 n E(cm ■*■) ( c a l c . )
E(cm- 1 )
( e x p t l . ) x(X)
6 78,283 78,201 1278.8
7 79,425 79,429 1259.0
8 80,131 80,162 1247.5
00 82,190
tt  -v nd 82 ,100  0 . 0 1 3 69,825 71,350 1401.5
(10 .18ev) 4 75,207 75,557 1323.5
5 77,693 77,220 1295.0
6 79,041 78,750 1269.8
7 79 ,854 79,713 1254.5
8 80,381 80,302 1245.3
CO 82,100
92
and np s e r i e s  converge to  10 .19ev .
The TT -* nd s e r i e s  has no t been mapped by S u t c l i f f e  and 
W alsh . I t  has a v e ry  sm all quantum d e f e c t ,  6 = 0 .0 1 ,  and converges to  
an i o n i z a t i o n  p o t e n t i a l  o f  1 0 .18ev .
6 . Ketene
The a b s o r p t io n  spec trum  o f  k e te n e ,  H^CCO, betw een 3800& and
1940& i s  shown i n  F i g . 13. The a b s o r p t io n  spec trum  below 19002, a s
93
p r e s e n te d  by P r i c e ,  Teegan, and Walsh , i s  shown in  Appendix I I I .
94-97A lthough  th e  spec trum  has been i n v e s t i g a t e d  p r e v io u s ly  , th e  s t a t e
i d e n t i f i c a t i o n s  rem ain  f rag m e n ta ry .  We do n o t  p r e s e n t  o u r  spec trum
below 194oSt because  o f  the  r a p id  pho tochem ica l d eco m p o s it io n ,  which
9 7
we o b se rv e ,  i n t o  e th y le n e  and carbon  monoxide. The spec trum  c o n s i s t s  
o f  v e ry  weak d i f f u s e  bands beween 4735 and 3700X9^ ;  a n o th e r  system  
o f  d i f f u s e  bands between 3706 and 260l£; a s t r o n g e r  t r a n s i t i o n  between 
2150 and 1950X c o n s i s t i n g  o f  f o u r  d i s t i n c t  b a n d s ;  and s t r o n g  and weak 
c o n t in u a  a t  1700X93 and ~ 1 5 5 0 &93, r e s p e c t i v e l y ,  upon b o th  o f  which a re  
superim posed many in te n s e  d i s c r e t e  Rydberg b an d s .
( i )  Long W avelength  T r a n s i t i o n s ;  4735-3700&: Dixon
94and K irby  have s tu d ie d  th e  lo n g  w aveleng th  a b s o r p t io n  o f  k e te n e  u s in g  
p a th le n g th s  up to  24 m.atm. They observed a n  e l e c t r o n i c  t r a n s i t i o n  
betw een 4735 and 3700& w i th  A x n ear  370oX(3.35ev) which c o n s i s t s  o f  
p rom inen t d i f f u s e  bands w i th  a  mean sp ac in g  o f  475 cm These 
i n t e r v a l s  have b een  a s s ig n e d  t o  th e  s k e l e t a l  bending  v i b r a t i o n s  which 
a r e  588 and 529 cm ^ in  th e  ground s t a t e .  The long  p r o g r e s s io n s  in
F i g . 15: A b so rp t io n  spectrum  o f  k e te n e ,  I^CCO.
Wavelength (m/i.)
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Frequency (kK)
th e  bending  modes i n d i c a t e  t h a t  t h i s  s t a t e  i s  s t r o n g l y  b e n t .  Dixon
3 1and K irb y  have a s s ig n e d  t h i s  t r a n s i t i o n  a s  A2 •- ^1* a 8 r e e  w i th
3 3 +
t h i s  a s s ig n m e n t ,  b u t  would l i k e  t o  add t h a t  th e  BgC £u) s t a t e  i s
a l s o  ex p ec ted  i n  t h i s  same energy  ra n g e .  T h e re fo re ,  we a s s ig n ^ th e
a b s o r p t io n  between 4735 and 3700X to  two t r a n s i t i o n s :  ^B„(^2+) ^A1(^‘£+)z u X §
and 3A2( \ )  -  X c ^ g ) .
( i i )  1A. ( 1S~’) *- t r a n s i t i o n ;3 2 2 6 ^ ( 3 .8 4 e v l  :f= 2 .3 x !0 ~ 4
T his  band c o n s i s t s  o f  a  number o f  d i f f u s e  peaks which a re  p re s s u re
94 97 1 1d ep en d en t .  * Dixon and K irby  have a s s ig n e d  t h i s  band a s  th e  A2 •- A^
t r a n s i t i o n  and th e  v i b r a t i o n a l  sp ac in g s  of -^365 cm ^ a s  a p r o g r e s s io n
i n  th e  bend ing  mode* The t r a n s i t i o n  c o rre sp o n d s  to  th e  fo r b id d e n
n -* TT* t r a n s i t i o n  o f  a ld eh y d es  and k e to n e s  which i s  u s u a l l y  found between
3400 and 2500S1. The r e d - s h i f t  i n  k e ten e  o c cu rs  because  o f  th e
c o n ju g a t io n  betw een th e  "non-bond ing"  e l e c t r o n s  on th e  oxygen and the
i n - p l a n e  -n ^ o rb i ta l  o f  th e  c e n t r a l  carbon  atom (see  F i g . 4 ) .
( i i i )  . 1B2( 1Au) *- t r a n s i t i o n ; 2 1 3 0 8 (5 .8 2 6 ^  ; f= 9 .9 x l0 ~ 3
1 1 +This t r a n s i t i o n  i s  weak because  i t  r e l a t e s  t o  th e  fo r b id d e n  A *- £u g
t r a n s i t i o n .  The fo u r  v i b r a t i o n a l  bands o b se rv ed , w i th  an  av e rag e
s p a c in g  o f  1040 cm , a r e  shown i n  Table  XXI. The i n t e n s i t y  d i s t r i b u t i o n
i n d i c a t e s  t h a t  th e  t r a n s i t i o n  has  an  a llow ed  o r i g i n  a t  46 ,896  cm * and
t h a t  th e  geom etry  o f  th e  e x c i t e d  s t a t e  i s  s i m i l a r  to  t h a t  o f  th e  ground
s t a t e .  T h is  v i b r a t i o n a l  s t r u c t u r e  c o r re sp o n d s  t o  th e  ~1200 cm *
p r o g r e s s i o n  i n  th e  1960 - 1850& r e g io n  o f  a c e to n e ,  where t h e r e  i s  
93e v id en ce  t h a t  i t  r e p r e s e n t s  th e  t o t a l l y  sym m etrica l hydrogen-bend ing  
f req u e n cy  o f  th e  CH^ group w hich i s  reduced  from i t s  g r o u n d - s ta t e  v a lu e
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TABLE XXI
VIBRATIONAL FREQUENCIES IN THE ^  TRANSITION OF KETENE
R e la t iv e
I n t e n s i t y U&)
7 .7 2132 .4
4 .5 2085.9
3 .8 2039 .8
2 .5 1999 .3
v(cm Av(cm 1)
4 6 8 9 6 '.
47942






- 1  -1  of 1357 cm . Thus, th e  1040 cm p r o g r e s s io n  o f  k e te n e  p ro b a b ly
r e p r e s e n t s  th e  sy m m etr ica l  CH d e fo rm a tio n  f req u e n cy  which i s  1386 cnT^
in  th e  ground s t a t e .  I f  one c o n s id e r s  the  MO’s in v o lv e d  in  t h i s
t r a n s i t i o n  4b £ -* 6a^ (b o th  MO's a r e  i n  th e  p lan e  o f  th e  hydrogens and
p o s s e s s  some e l e c t r o n  d e n s i t y  on them ), i t  i s  e v id e n t  t h a t  th e  m ost-
l i k e l y  a c t i v e  v i b r a t i o n  i s  th e  CH d e fo rm a tio n  mode.
( i v )  S h o r t  W avelength  T r a n s i t i o n s ; X <  1900&: A good
d e s c r i p t i o n  o f  th e  spec trum  below 1900& has  been g iv e n  by P r i c e ,
93Teegan, and Walsh . For t h i s  r e a so n ,  ou r  d i s c u s s io n  w i l l  be b r i e f .
A s t r o n g  continuum , etnaj£ 10 ,000 , ap p ea rs  w i th  maximum a t  <vL700S
( 7 .2 9 e v ) .  The h ig h  i n t e n s i t y  o f  t h i s  a b s o r p t io n  band i n d i c a t e s  t h a t
i t  i s  s t r o n g ly  a l lo w e d ;  i t  i s ,  t h e r e f o r e ,  a s s ig n e d  as  the 
1 1 + 1 1  +B„( E ) «- A, ( E ) t r a n s i t i o n .  A weaker continuum , e ~  4 ,000  2 u 1 g * max ’
w i th  X ~  1 5 5 0 S (8 .0 0 ev ) , i s  a s s ig n e d  a s  the  a llo w ed  ) +- ^A,max 2 g 1 g
t r a n s i t i o n .  T h is  t r a n s i t i o n  i s  weaker th a n  th e  fo rm er because i t  i s
1 1 +d e r iv e d  from the  fo rb id d e n  II *- S t r a n s i t i o n .  Both o f th e s e  co n tin u a
g g
a r e  o v e rlapped  by numerous in t e n s e  d i s c r e t e  Rydberg bands. The f i r s t
Rydbergs b e g in  a t  ~JL829&. T h is  r e g io n  o f  th e  spec trum  i s  v e ry  s im i l a r
to  t h a t  of e th y le n e  which has  a  con tin u o u s  a b s o r p t io n  w ith  maximum a t
1630& and f i r s t  s t r o n g  Rydberg a t  ~1745X. The k e te n e  spectrum  iB
r e d - s h i f t e d  from e th y le n e  by ~2 ,600  cm * due t o  th e  c o n ju g a t io n  and
d e l o c a l i z a t i o n  o f  e l e c t r o n s  from t h r e e  prr a tom ic  o r b i t a l s  r a t h e r  than.
93two. P r i c e ,  Teegan and W alsh have l i s t e d  a tt -* ns Rydberg s e r i e s ,  
i n c lu d in g  v i b r a t i o n a l  members a s s o c i a t e d  w i th  th e  main bands, w hich 
converges  to  an  i o n i z a t i o n  p o t e n t i a l  o f  9 .6 0 ev . The quantum d e f e c t
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o f  t h i s  s e r i e s  i s  1 .0 7 .
7 . Cvanamide and D im ethyl Cyanamide
( i )  Cvanamide: In  s p i t e  o f  th e  low m o le c u la r  w e ig h t ,
cyanamide (H^NCN) e x i s t s  a s  a s o l i d  a t  room te m p e ra tu re ^  th e  m e l t in g
p o i n t  i s  46-47°C . The v a p o r  p r e s s u r e  i s  s u r p r i s i n g l y  low—r e p o r t e d  
4 3  oas  3.0mm a t  110 C—and i s  i n d i c a t i v e  o f  s t r o n g  in t e r m o le c u la r
hydrogen b o n d in g .  The q u e s t i o n  o f  w h e th e r  th e  m o lecu le  e x i s t s  i n
t h e  amide fo rm  (H^NCN) o r  t h e  c a rb o d i im id e  fo rm  (HNCNH) has been  th e
43s u b j e c t  o f  s e v e r a l  i n v e s t i g a t i o n s ;  however, r e c e n t  work has shown
t h a t  th e  m o lecu le  e x i s t s  a lm o s t  e n t i r e l y  i n  the amide form.
The o n ly  r e p o r t e d  u l t r a v i o l e t  a b s o r p t i o n  sp ec tru m  o f
98cyanamide v a p o r  i s  by Im a n is h i  and T ach i who employed te m p e ra tu re s
ra n g in g  from  am bien t t o  ~100°C i n  o rd e r  t o  o b t a i n  s u f f i c i e n t  v a p o r
d e n s i t i e s .  T h e i r  sp ec tru m  was an a ly zed  i n  te rm s  o f  th e  p re se n c e
o f  ~L00% o f  t h e  im ide form . Using an a b s o r b in g  p a th l e n g th  o f  10 cm
and te m p e r a tu r e s  r a n g in g  from  60° to  110°C, we w ere  a b le  to  r e c o rd
1 th e  e x a c t  sp ec tru m  p r e s e n te d  by Im an ish i  and T a c h i ,  o n ly  to  d i s c o v e r
a f te r w a r d s  t h a t  th e  sp ec tru m  i s  t h a t  o f  NH^ g a s .  T hus, th e  p u b l i s h e d
s p e c t r u m ^  o f  cyanamide v a p o r  i s  s im ply  t h e  2168-1700^ a b s o r p t io n
30band o f  ammonia g a s .  The ammonia i s  formed from  th e  p h o to ch em ica l  
a n d /o r  th e rm a l  d eco m p o s i t io n  o f  cyanamide and most l i k e l y  fo l lo w s  a 
r e a c t i o n  su ch  a s :
2H2NCN -  NH3 + N=C-g-C=N • 7
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The second p ro d u c t  i s  u n s ta b le  and p o lym erizes  r a p i d l y  to  form a 
w h ite  d e p o s i t  on th e  c e l l  windows. Thus, no t r u e  s p e c t r a  o f  
cyanamide vapor  a r e  a v a i l a b l e .
( i i )  Dimethyl Cvanamide; (CH^gNCN i s  a  l i q u i d  a t  
room te m p e ra tu re ;  however, no u l t r a v i o l e t  s p e c t r a  o f  the  vapo r have 
been r e p o r t e d .  The a b s o r p t io n  spectrum  between 2500 and 1700& i s  
shown i n  F i g . 16. We observe  a  con tinuous  a b s o r p t io n  a t  X < 1700& 
w i th  no obvious maxima. I t  i s  p ro b ab le  t h a t  e x c i t a t i o n  i n  e i t h e r  one 
o r  b o th  of th e  bands observed i n  th e  n e a r  u l t r a v i o l e t  r e g io n  le a d s  to  
d i r e c t  d i s s o c i a t i o n .
The s t ro n g  band w i th  Xmav =  1830& (6 ,7 8 ev )  and f  = 0 ,32
1 1 + 1 1 + i s  a s s ig n e d  a s  th e  a llow ed  BgC 2U) ♦- A^( 2  ) t r a n s i t i o n .  V ib r a t i o n a l
bands were observed  near th e  maximum and on th e  s h o r t  w aveleng th  s id e
of t h i s  a b s o r p t io n ;  however, th e y  a re  to o  weak and d i f f u s e  f o r  p ro p e r
c h a r a c t e r i z a t i o n .
The weaker a b s o r p t io n  band w i th  Xmax = 2047&. (6 .0 5 e v )  and
f  = 5 .8x10  ^ i s  a s s ig n e d  a s  th e  a llow ed «■* t r a n s i t i o n .
I t  i s  weak because  o f  th e  fo r b id d e n  n a tu r e  of th e  p a re n t  t r a n s i t i o n .
T h is  t r a n s i t i o n  e x h i b i t s  d i f f u s e  v i b r a t i o n a l  s t r u c t u r e  (see  T ab le  XXII)
which in i t i a te s ,  i n  a quantum o f  ~1491 cm ^ and which e x h i b i t s  c o n s id e ra b le
a n h a rm o n ic i ty .  T h is  freq u en cy  p ro b ab ly  co rre sp o n d s  to  th e  t o t a l l y
sym m etric  a^ (CH^ d e fo rm a tio n )  mode w hich  i s  1465 cm * i n  th e  ground 
99s t a t e .
A v e r y  weak a b s o r p t io n  band was observed  a t  2700S1 
(4 .5 9 ev )  w i th  emgv ~  6 . T h is  band has th e  co n to u r  and appea ran ce  of
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PRIMARY VIBRATIONAL FREQUENCIES IN THE TRANSITION
OF DIMETHYL CYANAMIDE VAPOR
R e l a t i v e  , - 1. - l v
I n t e n s i t y  * (X> ' , (a n  > iv (c m  >
0 .7  2264 .9  44 ,152
1 .2  2186 .0  45 ,746
~ ^ : : =  1348
3 .3  2123 .4  47,094"
983
6 . 0  2080.0  48 ,077 = " "
'  V . v  782
7 .5  2046.7 48 ,859 - - - I " / / /
744
7 .3  2016 .0  49 ,603  "
Y --v -~ 732
7 .1  1986.7  5 0 , 3 3 5 « " " _ ^
" 'V - - 6 1 5  ^  •* ̂
6 . 8  1962.7  5 0 , 9 5 0 - - - " "
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1 1 - 1 1 + th e  fo rb id d e n  AjC 5^ )  ♦- A^( 2  ) t r a n s i t i o n ,  and i s  a s s ig n e d  as
su ch .
1 1  1 1  +The B_C H ) «- A. ( 2  ) t r a n s i t i o n  has  n o t been observed 
* S ^ ■§
i n  t h i s  spec trum . I t  i s  r e a so n a b le  t o  assume t h a t  i t  l i e s  i n  th e  
d i s s o c i a t i v e  continuum  above 6 .78ev .
8 . Cyanogen H a lid e s
The a b s o r p t io n  s p e c t r a  o f  th e  cyanogen h a l id e s  were
r e p o r t e d  by some e a r l i e r  w o r k e r s ^ ^  103, more r e c e n t l y ,  King and 
104R ich ard so n  have examined th e  s p e c t r a  under h ig h  r e s o l u t i o n  down
t o  1250&. The s p e c t r a ,  a s  p re s e n te d  by King and R ich ard so n , a r e
shown i n  Appendix IV. The s p e c t r a  o f  th e  t h r e e  cyanogen h a l id e s
NCCX, NCBr, and NCI a re  v e ry  s im i l a r  ex ce p t  fo r  l a rg e  s h i f t s  to
lo n g e r  w av e len g th s  in  th e  o rd e r  I  > Br > C & ,  The s p e c t r a  c o n s i s t
o f  two weak u n s t r u c tu r e d  a b s o r p t io n  bands of more o r  l e s s  eq u a l
i n t e n s i t i e s  i n  th e  long w aveleng th  r e g io n ,  two in te n s e  d i s c r e t e l y -
s t r u c t u r e d  a b s o r p t io n  bands a t  s h o r t e r  w a v e len g th s ,  and s e v e r a l
Rydberg t r a n s i t i o n s  which appear a t  s t i l l  s h o r t e r  w a v e le n g th s .
104King and R ichardson  have d is c u s s e d  th e s e  s p e c t r a  i n  c o n s id e ra b le
d e t a i l .  We would l i k e  to  p r e s e n t  an a l t e r n a t e  i n t e r p r e t a t i o n  of
some o f th e  observed  bands.
1 -  1 +( i )  2  * -  £  T r a n s i t i o n ; The lo n g e s t  w aveleng th
a b s o r p t io n s  o f  NCI, NCBr, and NCCA o ccu r  w i th  X a t  2300, 1990 and1 * max *
1775& and o s c i l l a t o r  s t r e n g t h s  o f  4 .8x10  2.5x10 and 4.8x10
r e s p e c t i v e l y .  These bands appea r  a s  low i n t e n s i t y  c o n t in u a  w i th  no
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a p p a re n t  v i b r a t i o n a l  s t r u c t u r e .  T h is  t r a n s i t ! o n - - t h e  s o - c a l l e d  
A -s y s te m - - is  a s s ig n e d  by King and R ichardson  t o  th e  2 tt -* 5 a  MO 
e x c i t a t i o n  which produces  a e x c i t e d  s t a t e .  We d is a g r e e  w i th  t h i s
a ss ignm en t f o r  th e  fo l lo w in g  re a s o n s :
(a )  Even though t h i s  t r a n s i t i o n  i s  fo rb id d en  i n  th e
D , p o i n t  group, i t  i s  a llow ed  i n  C . In  m o lecu les  such a s  cyanogencoh 00V
h a l id e s  which a r e  v e r y  a sy m m etr ica l ,  th e  T̂I s t a t e  should  have a 
c o n s id e ra b ly  h ig h e r  i n t e n s i t y  th a n  i s  observed .
(b )  The 5(J-M0 l i e s  s e v e r a l  ev above th e  Stt-MO's .
F o r t h i s  re a so n ,  th e  2rr -* 3tt MO e x c i t a t i o n  should  l i e  a t  much low er 
e n e r g ie s  than  th e  2tt -* 5a MO e x c i t a t i o n .
We b e l i e v e  t h a t  t h i s  t r a n s i t i o n  shou ld  be a s s ig n e d ,  .
1 - 1 +i n s t e a d ,  a s  a fo rb id d e n  2  2  t r a n s i t i o n  o f  2 tt -♦ 3rr MO e x c i t a t i o n
ty p e .  The ^2 s t a t e  c o r r e l a t e s  w i th  the  n,TT* s t a t e  o f  carb o n y l
1 -  1 +compounds. In  l i n e  w i th  t h i s ,  th e  a b s o r p t io n  2  «- 2  has  been
found t o  s h i f t  to  h ig h e r  e n e r g ie s  upon changing th e  s o lv e n t  from
n -h ep ta n e  to  w a t e r - - i n  agreem ent w i th  th e  observed  s h i f t s  i n  th e
n -* tt* t r a n s it io n s  o f  carb o n y l-co n ta in in g  compounds.
1 1 +•( i i )  A *- 2  T r a n s i t i o n ; The n ex t h ig h e r  en erg y
t r a n s i t i o n  i s  a l s o  u n s t r u c tu r e d  and v e ry  weak; th e  maxima o ccu r  a t
1890, 1800, and 1700& i n  NCI,NCBr, and NCCf, r e s p e c t i v e l y .  The
38 “ 3o s c i l l a t o r  s t r e n g t h  f o r  NCI has been r e p o r te d  as  2.9x10 . The 
c o rre sp o n d in g  bands i n  NCBr and NCC£ a r e  of a p p ro x im a te ly  t h i s  same 
i n t e n s i t y .  King and R ichardson  have a ss ig n e d  t h i s  t r a n s i t i o n - - t h e
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s o - c a l l e d  a  s y s te m - - a s  e i t h e r  t h e  I tt -» 5cf o r  2tt -• 3tt MO e x c i t a t i o n s .
We d i s a g r e e  w i th  th e  fo rm er a ss ig n m en t b ecau se  th e  I tt-MO i s  d eep ly  
b u r i e d  i n  th e  f i l l e d  MO l e v e l s  and such an  e x c i t a t i o n  would be a t  
c o n s id e r a b ly  h ig h e r  e n e r g y .  We a r e  i n  a c c o rd  w i th  t h e  second
a ss ig n m e n t  b u t ,  more s p e c i f i c a l l y ,  we i d e n t i f y  th e  band a s  th e
1 1 + f o r b id d e n  A *- £  t r a n s i t i o n .
( i i i )  -  1 S+ and l U  -  l T *  T r a n s i t i o n s ;  10"2<f<10~1 :
The f i r s t  s t r o n g  a b s o r p t io n s  o c c u r  in  two d i s t i n c t  bands a t  s h o r t e r
w a v e le n g th s .  These a r e  deno ted  by King and R ich a rd so n  a s  a b s o r p t io n s
to  th e  B and C e x c i t e d  s t a t e s .  They have g iv e n  th e  e l e c t r o n i c  o r i g i n s
f o r  NCI, NCBr, and NCC4, r e s p e c t i v e l y ,  a s  1598, 1509, and 13648
(B -system ) and 1576, 1465, and 13438 (C -system ) w i th  r e l a t i v e  B/C
i n t e n s i t i e s  o f  3 /2 ,  2 /1 ,  & 3 /4 .  Both o f  t h e s e  r e g io n s  show v e ry
s h a rp  v i b r a t i o n a l  s t r u c t u r e .  King and R ich a rd so n  have i d e n t i f i e d  th e
p r o g r e s s i o n s  as  th e  sy m m etr ica l  and s t r e t c h i n g  modes o f  a  -sym m etry .
They have a s s ig n e d  th e  B and C t r a n s i t i o n s  a s  2tt -• ( n + l ) s o  Rydberg
ty p e  e l e c t r o n i c  e x c i t a t i o n s  i n  w hich th e  Rydberg o r b i t a l s  a r e  l o c a l i z e d
1 3on th e  h a lo g e n s .  The r e s u l t i n g  s t a t e s  a r e  II and II. We would l i k e
t o  p o i n t  o u t  th e  f o l lo w in g :
1 3(a )  The II and n s t a t e s  a r e  ex p ec ted  t o  have 
c o n s id e r a b ly  d i f f e r e n t  i n t e n s i t i e s ,  w hich  i s  c o n t r a r y  t o  th e  o b s e r v a t io n .
(b ) I f  th e  B and C t r a n s i t i o n s  a r e  f i r s t  members o f  a 
Rydberg s e r i e s ,  o t h e r  members shou ld  be fo u n d .  T h is  i s  th e  case  o n ly  
f o r  NCI, i n  w hich o n ly  one p o s s i b l e  h ig h e r  member o f  t h e  p o s t u l a t e d  
s e r i e s  was found .
We a t t r i b u t e  th e  B and C a b s o r p t io n  r e g io n s  to  th e  
1 + 1 + 1 1 +2  *- 2  and II *- 2  t r a n s i t i o n s ,  th e  band o f  h ig h e r  i n t e n s i t y  b e in g
t h a t  t o  th e  ^2+ s t a t e .  I t  i s  q u i t e  p ro b a b le  t h a t  th e  Rydberg s t a t e s
proposed  by King and R ich a rd so n  l i e  a l s o  i n  t h i s  same r e g io n .  I t  
would n o t  be u n re a so n a b le  t o  assume t h a t  th e  t r a n s i t i o n s  may o v e r l a p .
have been ob se rv ed  by King and R ich ard so n  a t  s h o r t e r  w a v e le n g th s  and
a s s ig n e d  a s  Rydberg t r a n s i t i o n s *  The f i r s t  i o n i z a t i o n  p o t e n t i a l  :of
NCI,NCBr,end: NCC1.is r e p o r te d  a s  1 0 .9 8 ev , 1 1 .95ev , and 1 2 .4 9 ev , 
r e s p e c t i v e l y .
9. Diazomethane
t h i s  spec trum , we r e f e r  th e  r e a d e r  to  t h e  h ig h  r e s o l u t i o n  work o f
weak d i f f u s e  v i b r a t i o n a l  bands superim posed  on i t ;  t h e s e  bands a r e  to o  
d i f f u s e  f o r  a n a l y s i s .  The i n t e n s i t y  o f  t h i s  band i s  a p p ro x im a te ly
( i v )  Rydberg T r a n s i t i o n s : S e v e ra l  o t h e r  t r a n s i t i o n s
The a b s o r p t io n  sp ec tru m  o f  HgCNN has  b een  s tu d i e d  i n  t h e  
v i s i b l e  and n e a r - u l t r a v i o l e t  r e g i o n s ’* ' ® '* * a n d  u n d e r  h ig h  r e s o l u t i o n  
i n  th e  vacuum reg ion* -®^* 108^ Spe c tr u m  c o n s i s t s  o f  a  v e ry  weak
band a t  ~3950&, a  s t r o n g e r  continuum  w i t h  a maximum a t  --2175X, s t r o n g  
d i s c r e t e  a b s o r p t io n  bands n e a r  1900&, s t r o n g  b u t  d i f f u s e  bands n e a r  
1750&, and numerous R ydberg -type  t r a n s i t i o n s .  R a th e r  th a n  re p ro d u c e
_  . 107 , „  108H erzberg  and M erer
- 4f  ~  1x10 : The lo n g e s t  w av e le n g th  t r a n s i t i o n  i s  a  continuum  w i th  v e ry
t h a t  ex p ec ted  f o r  th e  2
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( i i )  1B ( XA )  +- *71, T r a n s i t i o n ;  ~2300& (~5.90ev):s  u " I  a "
A second a b s o r p t io n  continuum l i e s  between 2650 and 2000R. No
v i b r a t i o n a l  s t r u c t u r e  has  been observed  i n  t h i s  r e g io n .  I t  i s
1 1 +t e n t a t i v e l y  a s s ig n e d  a s  th e  Au *- 2 g t r a n s i t i o n .
( i i i )  S h o r t  W avelength  T r a n s i t i o n s ;  X<2000^(>6.20ev'>;
The 1900& r e g io n  c o n s i s t s  o f  s t ro n g  d i s c r e t e  t r a n s i t i o n s .  The
108r o t a t i o n a l  a n a l y s i s  o f  M erer has shown t h a t  th e r e  a r e  t h r e e
d i s t i n c t  t r a n s i t i o n s  i n  t h i s  r e g io n ,  two Rydbergs and one m o lecu la r
t r a n s i t i o n  of ^ 2  «- s p e c i e s .  A nother i n t e n s e  band system  occu rs
a t  17 57-8(7.06ev) w i th  v e ry  d i f f u s e  s t r u c t u r e .  No ass ignm ent has
been g iven  f o r  t h i s  band. From the  e n e r g e t i c  p o s i t i o n s  and i n t e n s i t i e s
o f th e se  bands, we t e n t a t i v e l y  a s s ig n  th e  fo rm er a s  th e  ^B„(^n ) *- ^A.(^S+)
“ s  1 g
t r a n s i t i o n  and th e  l a t t e r  as  th e  *"* ^ l ^ ^ g ^  t r a n s i t i ° n *
( iv )  Rydberg T r a n s i t i o n s ; S e v e ra l  t r a n s i t i o n s  i n  the  
vacuum re g io n  have been  a s s ig n e d ’*’̂ * * -̂  t o  Rydberg e x c i t a t i o n s .  In  
p a r t i c u l a r ,  two tt -» np s e r i e s  and one ex tended  and ve ry  c l e a r  rf -* nd 
s e r i e s  have been mapped. The f i r s t  i o n i z a t i o n  p o t e n t i a l  i s  r e p o r te d  to  
be a t  9 .0 0 ev .
10. M ercury H a l id e s
The a b s o r p t io n  s p e c t r a  o f  HgCj^* HgBr2, and H g ^  vapor  have 
109"112been i n v e s t i g a t e d  i n  th e  n e a r  and vacuum u l t r a v i o l e t  r e g io n s ;
however, s t a t e  i d e n t i f i c a t i o n s  a r e  l a c k in g .  We have i n v e s t i g a t e d  
th e s e  s p e c t r a  down to  ~1250X u s in g  a 10 cm h e a te d  c e l l  a t  60<T<120°C. 
The s p e c t r a  o f  th e s e  m o lecu les  a r e  n o t  ana logous  t o  o th e r s  d is c u s s e d
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h e r e .  F o r  exam ple, i n  th e  spec trum  o f  Hgl^ vapo r between 3200 and 
1250.& th e r e  a r e  a t  l e a s t  t e n  e l e c t r o n i c  t r a n s i t i o n s .  Some o f th e s e  
t r a n s i t i o n s  a p p ea r  to  be from  e x c i t a t i o n s  l o c a l i z e d  e i t h e r  on th e  Hg 
o r ha logen  a tom s. These s p e c t r a  w i l l  be d is c u s s e d  i n  a subsequen t 
p u b l i c a t i o n .
11. C yanate  and I s o c y a n a te  S p ec ie s
The phosphorescence  s p e c t r a ,  phosphorescence  l i f e t i m e s ,  
and a b s o r p t io n  s p e c t r a  o f  th e  c y an a te  s a l t s  o f  Na , K , Cd , Ag ,
Hg+2, and Pb+ 2  and o f HNCO, CH3NC0, CH3CH KCO, and C ^N C O  have been 
m easured; th e y  a re  d i s c u s s e d  i n  r e f . 5 i n  a manner f u l l y  co m patib le  
w i th  th e  p o i n t s  o f  view  a d o p ted  h e r e .  A r e p r i n t  o f  r e f . 5 i s  p re s e n te d  
in  Appendix V.
12. A zido S p ec ie s
The a b s o r p t io n  s p e c t r a  o f  the  a z id e  s a l t s  o f  Na+ , L i+ , and
+2Ba and o f  HNNN and n -a m y laz id e  have been  m easured; they  a r e  d is c u s se d  
i n  r e f . 6 i n  a manner f u l l y  co m p atib le  w i th  th e  p o i n t s  o f  view adopted 
h e r e .  A r e p r i n t  of r e f . 6  i s  p re s e n te d  in  Appendix VI.
13. T h io cy an a te  S p ec ie s
The p h o sp h o rescen ce  s p e c t r a ,  phosphorescence  l i f e t i m e s ,  and
+ +2 +2 +2a b s o r p t io n  s p e c t r a  of th e  t h io c y a n a te  s a l t s  o f  K , Ba , Zn , Cd ,
+2 +2Pb , and Ag and o f  HNCS have measured and a re  d is c u s s e d  in  r e f . 4 
i n  a  manner f u l l y  c o m p a t ib le  w i th  th e  p o in t s  o f  v iew  adopted  h e r e .
IV. DISCUSSION
The s t a t e  i d e n t i f i c a t i o n s  a r e  s e r i a l i z e d  i n  t h i s  s e c t i o n  
and th e  s p e c i f i c  a ss ig n m e n ts  made i n  S e c t . I l l  a r e ,  t o  a l a r g e  e x t e n t ,  
v i n d i c a t e d .  The g i s t  o f  th e  i d e n t i f i c a t i o n  p ro c e d u re  i s  c o n ta in e d  - 
i n  th e  c o r r e l a t i o n s  o f  T ab le  X X III and F i g . 17.
T ab le  XXIII i s  a  l i s t i n g  o f  th e  e n e r g i e s ,  i n t e n s i t i e s ,  
and su g g es te d  a s s ig n m e n ts  o f  th e  e l e c t r o n i c  a b s o r p t i o n  bands o f  a l l  
t h e  i s o e l e c t r o n i c  m o le c u le s .  A t t h e  top  o f  t h i s  t a b l e  a r e  l i s t e d  th e  
f i v e  p o in t  g roups c o n s id e re d  and th e  c o r r e l a t i o n s  o f  t h e i r  symmetry 
r e p r e s e n t a t i o n s  i n  th e  v a r io u s  m o le c u le s .  The m o le c u les  a r e  l i s t e d  
i n  t h e  l e f t  column. The symmetry r e p r e s e n t a t i o n  o f  e ach  s t a t e  can 
be found by lo o k in g  a t  th e  to p  o f  i t s  r e s p e c t i v e  column f o r  th e  s p e c i e s  
b e lo n g in g  to  th e  p o in t  group o f  th e  m o le c u le .  S in c e  d a t a  f o r  a  l a r g e  
number o f  m o lecu le s  such a s  t h i s  can be more e a s i l y  v i s u a l i z e d  
d ia g ra m m a t ic a l ly ,  some e f f o r t  i n  t h i s  r e g a rd  has  been  made i n  F i g . 17* 
When th e  symmetry r e p r e s e n t a t i o n s  o f  th e  e l e c t r o n i c  s t a t e s  a r e  
c o r r e l a t e d  th ro u g h o u t  t h e  p o i n t  g roups  c o n s id e r e d ,  c e r t a i n  u n ique  and 
d e s c r i p t i v e  f e a t u r e s  a r i s e  f o r  e ach  c o r r e l a t o r y  s e r i e s .  These a r e  
th e  p r o p e r t i e s  t h a t  form  th e  s t r o n g e s t  b a s i s  f o r  t h e  a ss ig n m en t o f  
e l e c t r o n i c  s t a t e s  g iv e n  h e r e .  We w i l l  now d i s c u s s  th e  a s s ig n m e n ts ,  
and t h e  v a l i d a t i n g  a rg u m en ts ,  f o r  each  s p e c i e s  o f  e l e c t r o n i c  s t a t e .
A. THE 1 S+ GROUND STATE AND CORRELATING SPECIES  g-----------------------------------------------------------------
1 . Geometry
The s t r u c t u r e  o f  th e  ground s t a t e  s p e c i e s  i s  shown i n
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TABLE X X III
ENERGIES AND INTENSITIES OF ELECTRONIC ABSORPTION BAUDS''
[O n ly  th e  t e r m in a l  s t a t e  o f  th e  a b s o r p t iv e  a c t  I s  show n; 
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* 1 + 1 +^ ^ + E n e rg ie s  and e x t in c t io n s  r e f e r  to  band maxima, ex c e p t f o r  the  £  — £  and
II *- £  t r a n s i t i o n  o f the  cyanogen h a l id e s  f o r  w hich band o r ig in s  from r e f .  104 a re  l i s t e d .
When i n t e r p r e t i n g  the  p o la r i z a t io n s  in  p a r e n th e s i s ,  one should  tak e  n o te  o f  th e  c o o rd in a te s  
used in  F i g . l .  A ll o f th e  a b s o rp tio n  d a ta  a r e  from  th e  v ap o r s t a t e  w ith  th e  e x c e p tio n  o f NCO , 
NNN~, and NCS f o r  w hich s o lu t io n  and th in - f i lm  s p e c tr a  w ere u sed . F o r  t h i s  re a so n , i t  i s  
d i f f i c u l t  to  compare th e  i n t e n s i t i e s  o f  th e  t r a n s i t i o n s  in  th e se  io n s  to  th o se  o f  the vapor 
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F i g . 17: C o r r e l a t i o n  diagram  f o r  e x c i t e d  e l e c t r o n i c  s t a t e s
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NCCIC O ; H2CC0 ;H2CCCH2; CS 
OCS H2CNN (CH3)2NCNNCBrHNNCO-
Ill
F i g . l .  Fundamental f r e q u e n c ie s  o f  v i b r a t i o n  a r e  l i s t e d  i n  T ab le  V I I I .  
The lo n g e s t  bonds a re  th o s e  which in v o lv e  a 2nd row atom and an atom 
from th e  t h i r d ,  f o u r t h ,  o r  f i f t h  row s. T h is  f a c e t  i s  r e l a t e d  to  th e  
f a c t  t h a t  th e  AO's o f  th e  h e a v ie r  atom a r e  of h ig h  p r i n c i p a l  quantum 
number; a s  a r e s u l t ,  th e y  a re  v e ry  la rg e  and d i f f u s e  and t h e i r  o v e r la p  
w i th  th e  AO's o f  2nd row atoms i s  s m a l le r .
2 . B inding Energy
Using the  t o t a l  e n e r g ie s  o f  the  m o lecu les  o b ta in e d  from
th e  MWH c a l c u l a t i o n s  and th e  e n e r g ie s  o f  th e  c o n s t i t u e n t  atoms from 
114Siegbahn , i t  i s  p o s s ib le  to  e v a lu a te  a q u a l i t a t i v e  o rd e r  o f
b in d in g  energy  f o r  th e s e  m o le c u le s .  T h is  o r d e r in g  a c t u a l l y  r e p r e s e n t s
th e  amount o f  energy  r e le a s e d  when th e  m olecu le  o r  io n  i s  formed from
th e  co rre sp o n d in g  f r e e  "atom s"— "atom s", w hich i n  some c a s e s ,  a r e
p o s i t i v e l y  o r n e g a t iv e ly  ch arged . The o r d e r in g  o b ta in e d  i s  NC>2  >
H2CCCB2> CS2 >  N20 >  HN3 >  HNCS >  OCS >  NCI > HgCCO >  NCBr >  C(>2  >
NCCjJ >  H2NCN >  HNCO >  H,,CNN >  SCN_ >  HNCN". >  NNN" >  NCO" >  NCN= .
T his  o rd e r in g  i n d i c a t e s  t h a t  th e  n e u t r a l  m olecu le  w i th  th e  low est
b in d in g  energy  should  be d iazom ethane . In  agreem ent w i th  t h i s ,  i t
i s  known t h a t  th e  C-N bond i n  H2CNN i s  v e ry  weak and t h a t  th e  N-N
115bond has more t r i p l e t  bond c h a r a c t e r  th a n  th e  C-0 bond i n  H2CCO 
o r  th e  C-N bond i n  H2NCN. Thus, th e  m olecule  d i s s o c i a t e s  e a s i l y  
i n t o  H2 Ct and *NN r a d i c a l s .  I t  should  be no ted  a l s o  t h a t  C02 i s  
p r e d i c t e d  to  be more u n s ta b le  th an  e i t h e r  OCS o r  CSj.
112
.3. Bonding
The t r i a t o m i c  c h a in  i s  l i n e a r  in  th e  ground s t a t e s  o f  a l l
o f  th e s e  m o le c u le s .  T h is  l i n e a r i t y  i s  a consequence o f  th e  s te e p
1 +in c r e a s e  in  energy  o f  th e  2  s t a t e  ( s e e  F ig  s . 7 & 8 ) which occu rs
S
upon bending  th e  m o lecu le .  T h i s ,  i n  t u r n ,  i s  a r e s u l t  o f  a s im i l a r
s te e p  r i s e  o f  the  h ig h e s t - e n e r g y  f i l l e d  MO [ I n  (4b„)-M 0, see  F i g . 3 ] .
8  ‘
The doubly-degenerate s e t s  o f  tt-MO's span the e n t ir e  l in e a r  
tr ia to m ic  group. When an H-atom i s  added to  t h is  lin e a r  ch a in , i t  
assumes an o f f - a x is  p o s it io n  such th a t th e Is  -MO can bind to  th e
n
form er tt-MO component which i s  now s i t u a t e d  i n  th e  newly d e f in e d  
p la n e .  I f  two H-atoms a r e  added to  th e  m o lecu le , th e y  bond to  th e  
same end o f the  c h a in  b u t  on d i f f e r e n t  s id e s  o f  th e  t r i a t o m i c  a x i s ;  
th e  m olecule  rem ains p l a n a r .  Thus, i n  a m olecule  such  a s  HNCS ( o r  
^CCO), th e  m u tu a l ly  p e r p e n d ic u la r  tt-MO's rem ain i n t a c t  in  th e  CS (o r  
CO) bond re g io n  b u t  on ly  the  o u t - o f - p la n e  tt-MO rem ains i n t a c t  i n  th e  
NC ( o r  CC) bond r e g io n .  I n  a l l e n e ,  th e  fo u r  H-atoms l i e  i n  m u tu a l ly  
p e r p e n d ic u la r  p la n e s  w i th  two H-atoms a t  each  end o f  th e  c h a in .  Only 
one component o f  each  s e t  of tt-MO's rem ains i n t a c t  in  each  CC bond 
r e g io n ;  th e s e  a r e  m u tu a l ly  p e r p e n d ic u la r  to  each o th e r  and to  th e  
p la n e  o f  th e  two a d ja c e n t  H-atoms.
B. STATE AMD CORRELATING SPECIES
1 *fThe 2u s t a t e ,  w i th  e l e c t r o n i c  o r b i t a l  a n g u la r  momentum 
A = 0 abou t th e  i n t e r n u c l e a r  a x i s ,  a r i s e s  from  the  I n ^ l a ^ )  -* 2nu (2b^) 
MO e x c i t a t i o n .  The «- Xy;+ t r a n s i t i o n  b e lo n g s  t o  th e  c l a s s  o f
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"V *- N" t r a n s i t i o n s .  These t r a n s i t i o n s  a r e  expec ted  t o  have
p a r t i c u l a r l y  h ig h  i n t e n s i t i e s  when compared to  o th e r  i n t r a - v a l e n c y -
s h e l l  t r a n s i t i o n s  and t o  have r a t h e r  h ig h  e n e r g i e s - - g e n e r a l l y
a p p ro x im a tin g  th o s e  o f  th e  lo w e s t-e n e rg y  Rydberg s e r i e s  members.
In  m o lecu les  w i th  o f f - a x i s  s u b s t i t u e n t s ,  t h i s  t r a n s i t i o n ,  should
rem ain  i n t a c t  b u t shou ld  be r e s t r i c t e d  t o  e x c i t a t i o n  betw een th e  two
m u t u a l l y - p a r a l l e l  p u re  tt o r b i t a l  components. The t r a n s i t i o n  should
be p o la r i z e d  p a r a l l e l  to  th e  m o le c u la r  a x i s  and should  in v o lv e
c o n s id e ra b le  charge t r a n s f e r  from th e  two ehd^atoms t o  th e  c e n t r a l
atom (s e e  F i g . 3 ) .  The t o t a l  energy  p l o t s  o f  F i g ' s 7  & 8  p r e d i c t  t h a t
1 +th e  t r i a t o m i c  c h a in  w i l l  rem ain l i n e a r  i n  th e  Su s t a t e .
The com posite  o f  th e  e x p e r im e n ta l  in f e r e n c e s  from i n t e n s i t i e s ,  
e n e r g i e s ,  and v i b r a t i o n a l  a n a ly s e s  a r e  in  com plete  agreem ent w i th  th e  
p r o p e r t i e s  ex p ec ted  f o r  an V *- N ass ignm en t o f  t h i s  band . F u r th e rm o re ,  
t h i s  i s  th e  on ly  observed  a b s o r p t io n  band w hich i s  c l e a r l y  a llow ed  
in  a l l  m olecu les  and which does n o t  s p l i t  i n t o  two components i n
m olecu les  o f  low er symmetry. We b e l ie v e  t h a t  the  V * -  N  ( i . e . ,  
£
l  + l  +H ) t r a n s i t i o n  a ss ignm en t f o r  t h i s  a b s o r p t io n  band i s  un ique .
1. I n t e n s i t y
The most d i s t i n c t i v e  f e a t u r e  o f  th e  a b s o r p t io n  bands 
1 + 1 +a s s ig n e d  a s  TC «- E i s  t h e i r  e x tre m e ly  h ig h  a b s o r p t io n  i n t e n s i t y .
8
Dooh s Pec:i-e s  T^e V «- N t r a n s i t i o n  should  be e a s i e s t  t o  i d e n t i f y  in
th e s e  m o lecu les  ( i . e . ,  CO^  CSg, an^ HNN ) f ° r  *s ex p ec ted  t o  be
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th e  only  lo w er-en erg y  o r b i t a l l y - a i l o w e d  e x c i t a t i o n .  In  agreem ent w i th  
t h i s ,  th e  a b s o r p t io n  bands w hich we a s s ig n  a s  ^  «- ( s e e  T able
XXIII) a r e  by far^ th e  most i n t e n s e  o f  a l l  observed a b s o r p t io n  ban d s .
In  b o th  CO^ and CS2 , th e  e x p e r im e n ta l  o s c i l l a t o r  s t r e n g th *  i s  two 
o r d e r s  o f  m agnitude l a r g e r  th a n  t h a t  o f  any o th e r  a b s o r p t io n  and 
p ro v id e s  a  v i r t u a l l y  u n q u e s t io n a b le  i d e n t i f i c a t i o n .  In  NNN- , th e  
e x p e r im e n ta l  o s c i l l a t o r  s t r e n g t h  o f  th e  t r a n s i t i o n  a s s ig n e d  a s  V * -  N 
i s  th r e e  tim es l a r g e r  th a n  th e  n ex t most in t e n s e  a b s o r p t io n  band.
T his  f in d in g  a g re e s  w i th  p r e d i c t i o n ;  however, th e  o s c i l l a t o r  s t r e n g t h s  
f o r  a r e  ta k en  from t h i n  f i l m  s p e c t r a  an d , s in c e  th e y  may be 
in f lu e n c e d  by s o l id  s t a t e  f a c t o r s ,  t h e  d a ta  can be q u e s t io n e d .
C S p e c ie s ------ In  t h e s e  m o le c u le s ,  th e  t r a n s i t i o n s  to
cov. 2 d
and ^E s t a t e s  should  be a llow ed a l s o ;  however, s in c e  th e s e  t r a n s i t i o n s
1 1 +d e r iv e  from th e  fo rb id d e n  TI *- E  t r a n s i t i o n  o f  th e  D , e n t i t i e s ,g g ®h
th e y  a r e  ex p ec ted  to  be c o n s id e ra b ly  w eaker than  th e  t r a n s i t i o n s  to  
the  and s t a t e s  which c o r r e l a t e  w i th  (D , ) .  In  agreem ent
Z  U  c o n
w ith  th e s e  p r e d i c t i o n s ,  a l l  o f  th e  e x p e r im e n ta l  o s c i l l a t o r  s t r e n g th s  
f o r  th e  bands a s s ig n e d  a s  t r a n s i t i o n s  t o  th e  and s t a t e s  a r e  
l a r g e r  th a n  th o s e  a p p r o p r i a t e  t o  th e  bands which a r e  a s s ig n e d  a s  
e x c i t a t i o n s  to  th e  and s t a t e s  ( s e e  T ab le  X X III ) .  I n  th e  
cyanogen h a l i d e s ,  th e  co rre sp o n d in g  a s s ig n e d  bands have r e l a t i v e  
1S+/ 1n i n t e n s i t i e s  o f  3 /2 ,  2 /1 ,  and 4 /3  f o r  NCI, NCBr, and NCCjfc, 
r e s p e c t i v e l y .
The maximum e x t i n c t i o n  c o e f f i c i e n t  quoted  f o r  CS2  i n  Table  
XXIII i s  250,000. T h is  v a lu e  r e f e r s  t o  th e  maximum o f  th e  bpnds . The 
maximum i n  th e  u n d e r ly in g  continuum i s  c o n s id e ra b ly  low er: e ~  35 ,000 .
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S p e c ie s  In  th e s e  m o le c u le s ,  many o th e r  t r a n s i t i o n s
become a l lo w e d ;  however, the  a b s o r p t io n  band w hich  i s  a s s ig n e d  a s
^A7) ♦- *A7) r e t a i n s  i t s  s u p e r io r  i n t e n s i t y  i n  a l l
c a s e s .
Comparison o f  th e  ex p e r im en ta l  o s c i l l a t o r  s t r e n g t h s  to  th o se  
c a l c u l a t e d  i n  Table  IV shows t h a t  agreem ent betw een th e  two i s  
e x c e l l e n t .  The c a l c u l a t i o n s  i n d i c a t e  an in c r e a s e  i n  the  o s c i l l a t o r  
s t r e n g t h s  f o r  th e  s e r i e s  CO  ̂ < OCS < CS^, which i s  a l s o  the  case  
e x p e r im e n ta l ly .  T h is  in c re a s e  i n  f  can be a t t r i b u t e d  to  th e  
p r o p o r t i o n a l i t y  o f  th e  t r a n s i t i o n  moment to  th e  e q u i l ib r iu m  i n t e r -  
n u c le a r  d i s t a n c e s ^ ^ ,  r g , which a l s o  fo llow  th e  o rd e r in g  COg < OCS < CSg. 
T h is  same t r e n d  i s  observed  in  th e  c a l c u l a t e d  and e x p e r im en ta l  
o s c i l l a t o r  s t r e n g t h s  o f  s e v e ra l  o th e r  s e r i e s  o f  m olecu les  ( e . g . ,
NNN < NCO <  NCS and HNNN < HNCO < HNCS) and i s  a d i r e c t  r e s u l t  of 
th e  in c re a s e d  d ip o le  s t r e n g t h  o f  th e  t r a n s i t i o n  i n  m olecu les  w i th  
lo n g e r  bond l e n g th s .
2. Energy
A nother d i s t i n c t i v e  f e a t u r e  o f  t h i s  t r a n s i t i o n  should  be
i t s  e n e r g e t i c  p o s i t i o n  w i th  r e s p e c t  t o  the  o th e r  e x c i t a t i o n s .  The
25 1 +c a l c u l a t i o n s  o f  M u ll ig an  on C0„ p r e d i c t  th e  £  s t a t e  t o  be the
*  9
h ig h e s t - e n e r g y  s t a t e  of those  w hich  r e s u l t  from th e  Itt^ -• 2 ttu and 
3au “* 2tTu MO e x c i t a t i o n s .  The en e rg y  o f  th e  s t a t e  a ss ig n e d  a s  *2^ 
can be seen  i n  F i g . 17. The e x p e r im e n ta l  e n e r g y -o rd e r in g  o f t h i s  
s t a t e  i n  th e  v a r io u s  m olecu les  i s  i n  good agreem ent w i th  th e  VESCF-CI
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c a l c u l a t i o n s  of T ab le  V, w ith  th e  b a ry c e n te r  e n e r g ie s  from MWH
c a l c u l a t i o n s ,  and w i t h  the  e l e c t r o n e g a t i v i t y  c o n s id e r a t io n s  quoted
i n  T able  V II .  In  a l l  cases  where Rydberg s e r i e s  have been  i d e n t i f i e d ,
1 +th e  s t a t e  a ss ig n e d  a s  2 u i s  found to  l i e  i n  ap p ro x im a te ly  th e  same
energy  re g io n  as  th e  f i r s t  members o f such s e r i e s .  For exam ple, i n
CS2 and OCS th e  f i r s t  Rydbergs o c c u r  ~2 ,000 cm ^ h ig h e r  th a n  th e  s h o r t
1 + 1 +w av elen g th  edge o f th e  t r a n s i t i o n  a ss ig n e d  a s  2 ^ *“ Eg> *n C0 2,
H2 CCCH2> H2CC0, CgH^NCO, and HNNN th e  Rydberg bands a re  a c t u a l l y
1 + 1 +superim posed on th e  continuum o f  th e  t r a n s i t i o n  a s s ig n e d  a s  «- 2 ^ .
1 +The s t a t e  a s s ig n e d  a s  2^ i s  th e  h ig h e s t - e n e r g y  observed  e x c i t e d
s t a t e  i n  a l l  m o lecu les  excep t CS2 , NCBr, NCI, H2 CCO, and (CH^jNCN
i n  w hich case  th e  1H s t a t e  i s  s l i g h t l y  h ig h e r .  For CS2 , NCBr, and
NCI th e  l a r g e r  more d i f f u s e  a to m ic  o r b i t a l s  o f  th e  h e a v ie r  e lem en ts
used i n  c o n s t r u c t i n g  th e  m o lecu la r  o r b i t a l s  should  lead  t o  an
e f f e c t i v e  d e c re a se  i n  e l e c t r o n  r e p u l s i o n s .  Thus, the  whole m anifo ld
o f TT -* n *  s t a t e s  shou ld  s h i f t  t o  lower e n e r g i e s .  This  i s  ap p a ren t
from the fa c t  th a t th e  computed barycenter o f the tt —* n* s ta t e s
fo l lo w s  th e  t r e n d ,  CS2 < OCS <  C02 and NCI < NCBr <  NCCjfc. On th e
oth er  hand, the energy o f the 1̂1 s ta te  r e s u lt in g  from th e  o — Tt*
S
e x c i t a t i o n  i s  n o t  ex p ec ted  t o  be a s  v a r i a b l e  as  t h a t  o f  th e  TT -• TT*
s t a t e s  (see  F i g . 1 7 ) ;  th e  energy  o f t h i s  s t a t e  should  rem ain  much more
c o n s ta n t  th an  does t h a t  o f  th e  ^2 ^  s t a t e  th ro u g h o u t  the  s e r i e s  of
m o lecu les  s tu d ie d .  Thus, f o r  c e r t a i n  m o le c u le s ,  i t  i s  n o t  unexpected
t h a t  th e  energy  of th e  *2 * s t a t e  shou ld  l i e  s l i g h t l y  below t h a t  o f
th e  S i  s t a t e ,  
g
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I t  i s  e v id e n t  from F i g . 17 t h a t  th e  s t a t e  a s s ig n e d  as
1 4*Su v a r i e s  over a w id e r  energy  range  th a n  a l l  o th e r  s t a t e s  s tu d ie d :
I t  v a r i e s  between a h ig h  o f  11 .08ev  (COg) and a low o f  6 ,29ev (C S^). 
T h is  s e n s i t i v i t y  t o  th e  p o t e n t i a l  su p p l ie d  by th e  i n d iv id u a l  atoms 
i n  th e  m olecule  i s  r e l a t e d  to  th e  e l e c t r o n e g a t i v i t i e s  o f  th e s e  atoms 
and th e  p a r t  w hich th e y  p la y  i n  d e te rm in in g  th e  energy  o f  a t r a n s i t i o n  
w hich t r a n s f e r s  charge  from th e  end atoms t o  t h e  c e n t r a l  atom.
3. V i b r a t io n a l  S t r u c t u r e
A ll  o f  th e  bands a s s ig n e d  a s  *2* «- 2* a r e  v e r y  sym m etr ica l ,  
v e ry  broad ( e . g . ,  i n  CS2  th e  h a l f - w i d t h  i s  =-2,800 cm ^ ) ,  and th e  
v i b r o n i c  i n t e n s i t y  maximum i s  a lw ays lo c a te d  n e a r  th e  b a n d -c e n te r .
Thus, th e  p o t e n t i a l  energy  w e l l  f o r  th e  a s s ig n e d  ^2* s t a t e  must have 
a v e ry  deep minimum a t  l a rg e  r g . In  agreem ent w i th  t h i s ,  a F ranck -
Condon a n a ly s i s  o f  t h e : a b s o r p t io n  band o f OCS which we a s s ig n  a s
1 + 1 +2  *- • 2    -f-the  a n a l y s i s  fo llow ed  th e  methods o u t l i n e d  by Coon
117e t  a l .    i n d i c a t e s  an e lo n g a t io n  o f the  C-S and C-0 bond le n g th s
by 0 . 1 2  and 0.16&, r e s p e c t i v e l y ,  r e l a t i v e  tq  t h e i r  ground s t a t e  v a l u e s .
Since th e  V t- N band should  be a llow ed  i n  a l l  m olecules  
c o n s id e re d ,  th e  t o t a l l y  sym m etr ica l  v i b r a t i o n s  shou ld  be most 
a c t i v e l y  co u p led .
N20,(CH3 ) 2NCN, & CH3CH2NC0 The t r a n s i t i o n  a s s ig n e d  as  ^  *- *2*
i n  th e s e  m o lecu les  a p p ea rs  a s  an  i n t e n s e  v e ry  sym m etr ica l  peak w i th  
weak d i f f u s e  superim posed v i b r a t i o n a l  s t r u c t u r e .  T h is  s t r u c t u r e  has
been a n a ly z e d 5 f o r  CH^CH^NCO and a s s ig n e d  as  th e  t o t a l l y  symmetric 
d e fo rm a tio n  mode o f th e  l i n e a r  NCO group .
CO^HN^, & H^CCO----The c o rre sp o n d in g  t r a n s i t i o n  i n  th e s e  m olecu les  
c o n s i s t s  o f  a  s t ro n g  continuum  o v er lap p ed  by i n t e n s e  Rydbergs. For 
CO  ̂ & HNg, weak v i b r a t i o n a l  bands a r e  observed  b u t  a n a l y s i s  i s  not 
c l e a r .
H2 CCCH2  The t o t a l l y  sym m etr ica l  s t r e t c h i n g  f req u e n cy  and s e v e r a l
lo w e r- f req u e n c y  v i b r a t i o n s  a re  o b se rv ed ;  however, a n a l y s i s  i s  
co m p lica ted  by a  Rydberg band which 1b superim posed on th e  same 
r e g io n .
CS2 ,OCS, & Cyanogen H a l id e s - - - - T h e s e  m olecu les  e x h i b i t  v e ry  sharp
in t e n s e  v i b r a t i o n a l  s t r u c t u r e  th ro u g h o u t th e  r e g io n  a s s ig n e d  t o  th e
V N band. Thus, i t  seems t h a t  o n ly  th o se  m o lecu les  w hich c o n ta in
atoms from th e  3 rd .  4 t h ,  •■•• rows o f  th e  p e r io d i c  t a b l e  e x h i b i t  a
sh arp  v i b r a t i o n a l  s t r u c t u r e  i n  t h i s  band . In  CS2 , the  predom inant
v i b r a t i o n a l  p r o g r e s s io n  h a s  been a s s ig n e d  a s  th e  t o t a l l y  sym m etrica l
s t r e t c h i n g  f re q u e n c y ;  however, lower frequency  v i b r a t i o n s  a r e  a l s o
81e x c i t e d  and a r e  no t f u l l y  u n d e rs to o d .  R o ta t io n a l  a n a l y s i s  o f  th e
1 1 + 1 1 +CS2  band system  p ro v id e s  a B2( 1^ )  *- A^( S^) a ss ig n m e n t ,  i n
agreem ent w i th  ou t own. I n  OCS, th e  frequency  observed  a l s o  p e r t a i n s
to  th e  t o t a l l y  symmetric v i b r a t i o n ;  however, o t h e r  low -frequency
u n ass ig n ed  v i b r a t i o n s  do o c c u r .  The v i b r a t i o n a l  s t r u c t u r e  i n  the
104cyanogen h a l i d e s  has been a s s ig n e d  a s  and b o th  o f  which
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a r e  t o t a l l y  sy m m etr ica l .
P r o g re s s io n s  i n  th e  t o t a l l y  sym m etr ica l  v i b r a t i o n s  a re
1 + 1 +observed  i n  a l l  ca se s  and th e  ass ignm ent as  th e  a llow ed  2 u «- 2 g 
t r a n s i t i o n  i s  su p p o r te d .
G. 1II STATE AND CORRELATING SPECIES— g---------------------------------------------------------
1
The doubly  R egenera te  II s t a t e  p o s se s s e s  e l e c t r o n i c  o r b i t a l
S
1 1  +a n g u la r  momentum A = 1 about th e  symmetry a x i s .  The II •- 2
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t r a n s i t i o n  d e r iv e s  from  th e  3 u u ( 3 b 2 )  -* 2TTu ( 6 a ^  & 2 b ^ )  MO e x c i t a t i o n .
This  t r a n s i t i o n  c o r re sp o n d s ,  i n  th e  a t o m i c  c a s e ,  t o  th e  n p o  -* n p T T  AO 
e x c i t a t i o n  which i s  L ap o r te  f o r b id d e n ;  t h i s  f o r b i d d e n n e s s  i s  r e t a i n e d
in  D , m o lecu les  in  th e  form o f  th e  p a r i t y  r u l e .  When a l lo w ed ,  as
con
i t  i s  i n  m o lecu les  o f  symmetry o th e r  th a n  t h i s  t r a n s i t i o n
should  be p o la r i z e d  p e rp e n d ic u la r  t o  th e  m o le c u la r  a x i s  and should  
in v o lv e  a  v e ry  sm all  amount o f  charge  t r a n s f e r  from th e  end atoms 
to  th e  c e n t r a l  atom. The t o t a l  energy  p l o t s  o f  F i g ' s . 7 & 8  p r e d i c t
t h a t  th e  degeneracy  of th e  s t a t e  w i l l  u s u a l l y  r e s o lv e  i n t o  two
8
components: th e  s t a t e  w hich  iB b e n t  and th e  ^Aj s t a t e  which i s
n e a r ly  l i n e a r .
The unusua l c h a r a c t e r i s t i c s  o f  a l lo w ed n ess  v e r s u s  fo rb id d e n n e s s ,  
degeneracy  s p l i t t i n g ,  and v i b r o n i c  c o u p l in g  which should  be a s s o c i a t e d  
w i th  t h i s  t r a n s i t i o n  p ro v id e ,  we b e l i e v e , a  unique  b a s i s  f o r  i t s  
a s s ig n m e n t .  A l l  o f  th e se  c h a r a c t e r i s t i c s  le a d  to  th e  a ss ig n m en ts  
w hich we have made: The ^Hg s t a t e  i s  th e  on ly  s t a t e  to  w hich a t r a n s i t i o n
i s  fo rb id d e n  i n  and a llow ed  in  a l l  o t h e r  p o in t  g roups  and t o  w hich 
two allow ed  component t r a n s i t o n s  o ccu r  i n  m o lecu les  o f  C symmetry.; 3
1. I n t e n s i t y
1 1 +The t r a n s i t i o n  a s s ig n e d  as  II «- XL, and i t s  ana log  In
O O
m olecu les  o f  lower symmetry, i s  found to  be th e  second most in te n s e  
a b s o r p t io n  band i n  a l l  m o lecu les  s tu d ie d  (The most i n t e n s e  band I s  
t h a t  a s s ig n e d  a s  V *- N i n  th e  p re v io u s  s e c t i o n ) .
1 1 +D . S p e c ie s  The II ♦- X t r a n s i t i o n  i s  fo rb id d e n  by d fp o le“ h g g
s e l e c t i o n  r u l e s  i n  D . The o s c i l l a t o r  s t r e n g t h  o f  th e  band a s s ig n e d
coh
- 3 - 2t o  t h i s  t r a n s i t i o n  i s  10 <  f  < 10 i n  b o th  CC^ and CSg* This
i n t e n s i t y  i s  c o n s id e r a b le ;  i t  i s  a t t r i b u t a b l e  t o  e i t h e r  a v ib r o n ic  
co u p l in g  in v o lv in g  ttu a n d /o r  a*  v i b r a t i o n s ,  o r  to  a s e r io u s  d e p a r tu re  
from symmetry i n  th e  e x c i t e d  s t a t e ,  o r  b o th .  The on ly  e x c e p t io n a l  
m olecule  i s  N~; th e  i n t e n s i t y  o f  th e  c o r r e l a t i n g  t r a n s i t i o n  i n  t h i s  
m olecule i s  v e ry  h ig h - - b u t  s in c e  t h i s  i s  a s o l i d - s t a t e  spec trum  and 
s in c e  o th e r  i n f lu e n c e s  i n te r v e n e  h e re ,  we t r e a t  t h i s  datum l i g h t l y .
C & Dn , S p e c ie s -  The t r a n s i t i o n  t o  th e  *11 a n a lo g  s t a t e  o f  th e s ec»v 2d g
m olecu les  (*II and *E s t a t e s ,  r e s p e c t i v e l y )  i s  a l lo w ed ; i t s  i n t e n s i t y ,
however, should  rem ain comparably moderate f o r  g e n e a lo g ic a l  r e a s o n s .
1 + 1 +These c o n c lu s io n s  ag re e  w i th  ex p er im en t .  S ince  th e  S  *- £  (C ) andcoV
*- *Aj_ ^ 2 d^ t r a n s i t i o n s  d is c u s s e d  i n  th e  p re v io u s  s e c t i o n  a r e  th e
only  o th e r  a llow ed  t r a n s i t i o n s  exp ec ted  i n  th e s e  m o lecu les ,  th e
1 1 +II «- X* an a lo g  t r a n s i t io n s  e r e ,  we b e l i e v e ,  r e a d i l y  i d e n t i f i e d  in
8  3
th e se  system s.
C^v S p e c ie s  The *"11 s t a t e  shou ld  s p l i t  i n t o  *Ag and *Bg components
i n  m o le c u le s ;  however, o f  th e  two p o s s i b l e  t r a n s i t i o n s ,  o n ly  th e
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•- ^A^ t r a n s i t i o n  should  be a l lo w ed . In  acco rd  w i th  t h i s ,  we 
f in d  on ly  one a b s o r p t io n  band o f m oderate i n t e n s i t y  in  th e  a p p r o p r ia t e  
e nergy  range i n  C£v m o lecu les ,
C S p e c ie s ------ The s t a t e  i s  expec ted  t o  s p l i t  i n t o  ^A" and ^A's g
components i n  m o le c u le s ;  t r a n s i t i o n s  t o  b o th  o f  th e se  s t a t e s  should
be a llow ed  and bo th  should  be obse rv ed . We o bserve  b o th  t r a n s i t i o n s
i n  th e s e  C m o lecu les .  The more in te n s e  o f  th e  two t r a n s i t i o n s  i s  thes
one which i s  an a lo g  t o  th e  A^ t r a n s i t i o n  o f  th e  C£v e n t i t i e s ;  th e
o s c i l l a t o r  s t r e n g t h s  f o r  t h i s  t r a n s i t i o n  run, a s  h ig h  as  f  ps 0 .3  ( i n  
HNNN).
2 .  Energy
The e n e r g e t i c  p o s i t i o n  o f  th e  s t a t e  and i t s  s p l i t t i n g
S
i n  th e  lower-symmetry p o in t  groups i s  a u s e f u l  d ia g n o s t i c  t o o l .  The
1TT s ta te  i s  u su a lly  the second h ig h est-en erg y  s t a t e - - t h e  s ta te  
S
be in g  h ig h e s t ;  however, as  mentioned e a r l i e r ,  th e  o rd e r  o f  th e se
two s ta t e s  i s  in v erted  in  c e r ta in  m olecu les in  which the m anifold o f
n  -* tt* s t a t e s  s h i f t s  to  low er e n e r g ie s .  The 3a -+ 2tt e x c i t a t i o nu u
involves v e ry  l i t t l e  charge t r a n s f e r ;  i t  should  no t be a f f e c t e d ,
th e r e fo r e , to  the same e x te n t as the TT -» tt* s t a t e s  by v a r ia t io n s  in
th e  p o t e n t i a l  imposed by th e  i n d iv id u a l  a tom s. In  acco rd  w i th  t h i s ,
th e  sm all  v a r i a t i o n  i n  t h e  energy  of th e  band a s s ig n e d  t o  th e  *-
S S
t r a n s i t i o n  th ro u g h o u t  th e  whole s e r i e s  o f  m o lecu les  i s  rem ark ab le .
As shown i n  F i g . 17, i t  v a r i e s  from a h ig h  o f  9 .31ev  i n  CC^ t o  a low 
o f  6 . 5ev i n  I^CNN.
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Both a llow ed  components of th e  s p l i t  s t a t e  have been
S
i d e n t i f i e d  i n  th e  m olecu les  which a re  o f  Cs symmetry. I n  th e  
m o le c u le s ,  the  one a llow ed  component has been  observed , making the  
ass ignm ent r e a so n a b ly  s e c u re .
The e n e rg y -o rd e r in g  of t h i s  t r a n s i t i o n  in  th e  v a r io u s  
m o lecu les ,  a s  p r e d ic te d  from th e  MWH c a l c u l a t i o n s  (see  T ab le  V I I ) ,  i s  
i n  good agreem ent w i th  th e  ex p e r im en ta l  o r d e r in g  of F i g . 17.
3 . V ib r a t io n a l  S t r u c t u r e
The v i b r a t i o n a l  s t r u c t u r e  o f  t h i s  band i s  most i n t e r e s t i n g .
D , S p e c ie s -------In  C0„ and CS_,. where th e  t r a n s i t i o n  i s« h  2 2 g g
- f -
f o r b id d e n ,  c o u p lin g  w i th  th e  ttu and au normal modes i s  th e  only 
v i b r o n i c  co u p lin g  which can c o n fe r  a l lo w ed n ess  on i t .  V ib r a t io n a l  
a n a l y s i s  o f  th e  a s s ig n e d  bands in d ic a te  t h a t  the  f r e q u e n c ie s  a re  
much to o  low to  be cr*; th e y  co rre sp o n d , i n s t e a d ,  to  th e  TTu mode, o f  
w hich  on ly  odd q u a n ta .a r e  coup led . In  CS2 , a d i s t i n c t  p ro g r e s s io n ,  
c o n s i s t i n g  on ly  o f odd members of the  TTu mode, i s  observed  i n  th e  
a s s ig n e d  band. I n  th e  co rre sp o n d in g  band o f  two s e p a r a te
p r o g r e s s io n s  i n  the  tt mode a r e  ob serv ed ;  th e  s e p a r a t io n  between th e s e  
two p ro g r e s s io n s  does n o t  correspond to  any  known ground s t a t e  i n t e r v a l .  
I t  ap p ea rs  t h a t  t h i s  i n t e r v a l  r e p r e s e n t s  a r e s o l u t i o n  o f  th e  ^ 2  and 
s t a t e s  which evo lve  from th e  s t a t e  when the m olecule  bends.A g
I n  bo th  o f  th e s e  m o le c u le s ,  th e  f requency  o f  the  TTu mode i n  th e  
e x c i t e d  s t a t e  i s  v i r t u a l l y  unchanged from t h a t  in  th e  ground s t a t e .
The v i b r a t i o n a l  bands become b ro ad e r  a t  h ig h e r  f r e q u e n c ie s ,  th is^
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b e in g  a d i r e c t  r e s u l t  o f  th e  com plex ity  a r i s i n g  when m u l t ip le  quan ta  
o f  a n t is y m m e tr ic a l  modes a r e  e x c i t e d .  (T h is  s i t u a t i o n  i s  o u t l in e d  
i n  F i g . 1 1 ) .  The long p ro g r e s s io n s  i n  th e  bending mode and the  
Franck-Condon maximum w hich  i s  f a r  removed from the  o r i g i n  d en o te s  a 
s t r o n g ly - b e n t  upper s t a t e .
C & D„, S p e c ie s  In  th e s e  m olecu les  where t r a n s i t i o n s  to  th e“ v  2 d
1n and s t a t e s  a re  e x p e c te d  to  be a l lo w e d ,  c o u p lin g  o f any number o f 
v i b r a t i o n a l  quanta  o f  TT o r  e modes i s  a l lo w ed . In  OCS, a s  i n  CC^, two 
p r o g r e s s io n s  i n  the  rt-bending mode a r e  observed  in  th e  a ss ig n e d  band; 
however, i n  t h i s  case e v e ry  s in g le  v i b r a t i o n a l  quantum jump i s  found 
i n  bo th  p ro g r e s s io n s .  The frequency  s e p a r a t i o n  o f  t h e  two p ro g re s s io n s  
does not co rrespond  to  any  known ground s t a t e  i n t e r v a l  and p ro b ab ly  
r e p r e s e n t s  a s p l i t t i n g  o f  th e  and *"A ‘  components o f  the  s t a t e  
o f  the  b e n t  m olecu le . These upper s t a t e s  a r e  v e ry  s t r o n g ly  b e n t ;
The Franck-Condon maxima a r e  q u i te  f a r  removed (=*7,000 cm from 
see m in g ly - fo rb id d e n  o r i g i n s .  The f a c t  t h a t  the  maxima i n  th e s e  two 
p r o g r e s s io n s  a re  s e p a ra te d  by *-1,255 cm * in d i c a t e s  t h a t  b o th  s t a t e s  
a r e  not b e n t  by e x a c t ly  th e  same amount. In  ^ 0 ,  a v e ry  prom inent 
p r o g r e s s io n  i n  the  t o t a l l y  symmetric s t r e t c h i n g  f req u en cy  CT+ i s  
observed  i n  t h e 1 a s s ig n e d  band; c o n s id e ra b le  a n h a rm o n ic i ty  occu rs  a t  
h ig h e r  f r e q u e n c ie s  and th e  Franck-Condon maximum i s  f a r  removed from 
th e  o r i g i n .  O ther low er f requency  bands a re  a l s o  o bserved  i n  NgO
t | *
b u t  t h e i r  a ss ignm ent i s  n o t  obv ious . Both v^ (o  ) and ) a r e
observed i n  th e  cyanogen h a l i d e s .  In  th e  c o rre sp o n d in g  t r a n s i t i o n  o f  
a l l e n e ,  a p ro g r e s s io n  w hich c o n s i s t s  o f  every  quantum o f  th e  bending
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fre q u e n c y ,  e ,  i s  o b se rv ed , w i th  th e  i n t e n s i t y  maximum a g a in  f a r  
removed from the o r i g i n .
C„ S p e c ie s  The a s s ig n e d  ) ♦- ^A. (*£*) a b s o r p t io n  band of
2v 2 g i  g
H2 CC0 and H^CM i s  o v e rlap p ed  by s t ro n g  Rydberg bands. The H2CCO
band shows on ly  c o n tin u o u s  a b s o r p t io n  w h i le  the  HgCNN band e x h i b i t s  a
108d i s c r e t e  v i b r a t i o n a l  s t r u c t u r e  on which r o t a t i o n  a n a l y s i s  p ro v id e s
1 1a B2 «- Ai a ss ig n m en t.
Cg S p e c ie s  In  HNNN and CH3 CH2NCO, the  t r a n s i t i o n s  a s s ig n e d  a s  th e
two components of th e  s p l i t  *- *E+ t r a n s i t i o n  ( i . e . ,  ^Atf *- ^A7 &
8 8
^A7 «- ^A7) a p p ea r  a s  s t ro n g  co n tin u a  w i th  v i b r a t i o n a l  s t r u c t u r e  
o b se rv a b le  o n ly  i n  CH^CH^CO. This  s t r u c t u r e  i s  weak and d i f f u s e ;  
however, th e  sp a c in g s  a re  s i m i l a r  to  th o se  of th e  \ i ^ ( a 7) ground s t a t e  
v i b r a t i o n .
Thus, in  a l l  m o lecu les  ex cep t  th e  cyanogen h a l i d e s ,  the
1 1 +a b s o r p t io n  bands a s s ig n e d  as  II *- S  e x h i b i t  d i s t i n c t  v i b r a t i o n a l
8  S
s t r u c t u r e  c o n ta in in g  th e  ttu bending  v i b r a t i o n  as  the  most prom inent mode
o r  show some ev id en ce  f o r  th e  p re sen c e  o f  th e  ttu mode. In  a l l  c a s e s ,
1 1 +the  v i b r a t i o n a l  a n a l y s i s  su p p o r ts  th e  J7 «- E ass ignm en t and in
O O
some c a s e s ,  i t  makes t h i s  a ss ignm ent u n iq u e .
D. LA STATE AND CORRELATING SPECIES— u ------
1 1 +The fo rb id d e n  A •- E t r a n s i t i o n  d e r iv e s  from the  
u g
*TTg(la2  & 4b2) -* 2nu (6a^) MO e x c i t a t i o n .  The *Au s t a t e  i s  doubly  
d e g e n e ra te  w i th  A = 2 .  The t o t a l  energy  p l o t s  o f  F i g ' s . 7 & 8  su g g es t
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t h a t  th e  s t a t e  should i n v a r i a b l y  r e s o lv e  i n t o  two components—a
^ 2  s t a t e  of a b e n t  m olecule  and a s t a t e  of an  a lm ost l i n e a r
m o le c u le - -b ec a u se  th e  e x c i t e d  ^A s t a t e  i s  not s t a b l e  w i th  r e s p e c t  t ou
m o le c u la r  bending  d e fo rm a t io n s .  The d e s c r i p t i v e  f e a t u r e s  o f  t h i s
t r a n s i t i o n , a s  d e r iv e d  from group th e o ry ,  should  pe rm it r e a so n a b ly
1 1 +s e c u re  i d e n t i f i c a t i o n .  The Au «- t r a n s i t i o n  i s  th e  only  one which
i s  fo r b id d e n  i n  D , ,  C & D„, and which should  show one allow ed coh’ csv 2 d
component in  C2V and two a llow ed components i n  Cg .
1, I n t e n s i t y
The i n t e n s i t y  c h a r a c t e r i s t i c s  of th e  t r a n s i t i o n  a s s ig n e d  as
1 1 +A <- 2  a r e  d i f f e r e n t  from a l l  o th e r  a b s o r p t io n s  co n s id e red  andu g
p ro v id e  an  u n m is takab le  means of a ss ig n m en t.
D . , C , & S p e c ie s  The a s s ig n e d  a b s o r p t io n  band i s  undoubted ly
con w v z o
e l e c t r i c - d i p o l e  fo rb id d en  in  D . , C , and Dn J . F u r th e rm o re ,  i n  D_,,coh «v 2 d ’ 2 d ’
i t  s p l i t s  i n t o  two component t r a n s i t i o n s  bo th  of which ap p ea r  to  be
f o r b id d e n .  I f  we c o n s id e r  m agnetic  d ip o le  r a d i a t i o n ,  e l e c t r i c
q u ad rupo le  r a d i a t i o n ,  and f i r s t - o r d e r  v ib r o n i c  co u p lin g  as  th e  p rim ary
means by which an  e l e c t r i c - d i p o l e  fo rb id d e n  t r a n s i t i o n  g a in s  i n t e n s i t y ,
we f in d  t h a t :  I n  D , a l l  t h r e e  methods should  be i n o p e r a t i v e ;  in  C
coh t^V
th e  f i r s t  mechanism should  be no v a l u e ;  and , i n  the  two re s o lv e d
t r a n s i t i o n s ,  v i b r o n i c  c o u p l in g  should  be a llow ed  f o r  b o th ,  m agnetic
d ip o le  a b s o r p t io n  should  be a llow ed  f o r  bne and e l e c t r i c  quadrupo le
r a d i a t i o n  should  be a llow ed  f o r  th e  o th e r .  Thus, D . m olecu les  must* wh
r e s o r t  t o  sec o n d -o rd e r  v i b r o n i c  co u p lin g  i n  o rd e r  to  g a in  t r a n s i t i o n
1 2 6
i n t e n s i t y  f o r  such an a b s o r p t io n  band. However, from the  p r e d i c t i o n s  
o f  F i g ' s . 7 & 8 , i t  i s  e n t i r e l y  p l a u s i b l e  t h a t  the  l i n e a r  t r i a t o m i c  
c h a in  i s  b en t  i n  th e  *Au s t a t e - - t h u s ,  r e l a x in g  th e  s t r i n g e n t  s e l e c t i o n  
r u l e s  s p e c i f i e d  above and c o n fe r r in g  the  observed  i n t e n s i t y .
I t  i s  found e x p e r im e n ta l ly  t h a t  the  o s c i l l a t o r  s t r e n g th s
-3  -4a re  v e ry  low—ra n g in g  from 6 .2  x 10 i n  CO2  t o  2 .7  x 10 i n  CS^
a s  shown i n  Table  XXIII.
C£V & Cg S p e c ie s  In  th e s e  m o le c u le s ,  th e  a s s ig n e d  t r a n s i t i o n  should
s p l i t  i n t o  two components, b o th  o f  which should  be a l lo w e d / in  :C . and
■ 1 S
on ly  one o f  which should  be a llow ed  i n  D e sp i te  t h i s  a l lo w e d n e s s ,
_2
th e  e x p e r im e n ta l  i n t e n s i t i e s  rem ain low (maximum f  = 5 .8  x 10 ) .
However, th e se ,  s m a l l . : f -v a lu e s  do acco rd  w i th  th e  fo r b id d e n  genea logy  
o f  th e .  asS igned::processV  . The computed, b s c i l l a t o r - s t t e n g t h s - f o r  th e  
s t a t e s  a r e  g iven  i n  Table  IV; th e y  concur w i th  the above q u a l i t a t i v e  
c o n s id e r a t io n s  and they  a r e  i n  s a t i s f a c t o r y  agreem ent w i th  ex per im en t.  
Thus, g e n e r a l  i n t e n s i t y  c o n s id e r a t io n s  concur i n  th e  *AU ass ig n m en t.
2. Energy
1 25The energy  of th e  Au s t a t e ,  as p r e d ic te d  by M ulligan  ,
should  be lower th a n  t h a t  o f  th e  *11 and *2 + s t a t e s  b u t h ig h e r  th a ng u
t h a t  o f  th e  s t a t e .  From F i g . 17 i t  can be seen  t h a t  the  energy  
o f  th e  band a s s ig n e d  as  *Au concurs  w i th  th e s e  p r e d i c t i o n s .  I t s  
e nergy  i s  s i g n i f i c a n t l y  lower th a n  th e  f i r s t  Rydberg s e r ie s "  members. 
The energy  o f  th e  s t a t e  a s s ig n e d  as  *Ay v a r i e s  o v e r  a wide ra n g e ,  
go ing  from a h ig h  o f 8 .41ev (CO^) t o  a low o f  4.06ev-j(C£»,) ‘The
t r a n s i t i o n  energy  d e c re a s e s  c o n s i s t e n t l y  by a l a r g e  amount in  the  
s e r i e s  Ct^ >  OCS >  CS2 i n d i c a t i n g  th e  s e n s i t i v i t y  t o  th e  e l e c t r o ­
n e g a t i v i t y  o f  th e  two end atoms (from  which charge  should  t r a n s f e r
1 I n ­t o  th e  c e n t r a l  atom i n  th e  course  o f  a A «- 2  t r a n s i t i o n ) .  The
two a llow ed  components ex p ec ted  i n  Cg and th e  one a llow ed component
expec ted  i n  C h a v e  been i d e n t i f i e d  e x p e r im e n ta l ly .
3. V ib r a t i o n a l  S t r u c t u r e
Due to  th e  extrem e v a r i a n c e s  in  the  s e l e c t i o n  r u l e s  f o r  
1 1 +th e  Au *- t r a n s i t i o n  i n  th e  v a r io u s  p o in t  groups c o n s id e re d ,  i t  
i s  ex p ec ted  t h a t  the  c h a r a c t e r i s t i c s  of t h i s  t r a n s i t i o n ,  w i l l  v a ry  
c o n s id e r a b ly .  These f e a t u r e s  a r e  o f  much v a lu e  i n  fo l lo w in g  t h i s  
t r a n s i t i o n  i n  th e  v a r io u s  m o lecu le s .
®t»h s Pe c *e s  ^ e  LAu ♦" tr a n s it io n  i s  expected  to  be e l e c t r i c
d ip o le  fo rb id d e n  in  m o le c u le s .  The band a s s ig n e d  as  t h i s  
t r a n s i t i o n  i s  v e ry  broad  ( e . g . ,  th e  h a l f - w id th  i n  CC^ i s  = 9 ,000  cm *) 
th e  e x t i n c t i o n  c o e f f i c i e n t  i s  low;and th e  o r i g i n  a p p ea rs  t o  be 
fo r b id d e n .  The t r a n s i t i o n  i s  a l s o  exp ec ted  to  be fo rb id d e n  by 
m agnetic  d i p o l e ,  e l e c t r i c  q u ad ru p o le ,  and f i r s t - o r d e r -  v ib ro n ic  
co u p l in g  s e l e c t i o n  r u l e s .  In d eed , i t  must r e s o r t  t o  s e c o n d -o rd e r  
v ib r o n i c  co u p lin g  o r to  bending  i n  th e  upper s t a t e  i n  o rd e r  t o  g a in  
a l lo w e d n e s s .  As s t a t e d  e a r l i e r ,  th e r e  i s  e x p e r im e n ta l  ev id en ce  f o r  
such  a bend ing  o f th e  upper s t a t e  o f  the  a s s ig n e d  a b s o r p t io n  band.
In  CC>2 and CS^ th e  a b s o r p t io n  band p o s se s se s  v e ry  co m p lica ted
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v i b r a t i o n a l  s t r u c t u r e  which i s  n o t  w e l l  u n d e rs to o d .  Some o f  the
v i b r a t i o n a l  bands i n  CS^ have been a s s ig n e d  a s  a ^ 2  s t a t e  by
86r o t a t i o n a l  a n a l y s i s .  The co m plex ity  o f  t h e s e  bands p ro b a b ly  a r i s e s
from  the  s p l i t t i n g  o f  th e  assumed ^Au «- t r a n s i t i o n  i n t o  th e
1 1  1 1  a llo w ed  B2 and fo rb id d e n  Ag *- A^ components whose v i b r a t i o n a l
s t r u c t u r e  o v e r la p s  i n  c e r t a i n  r e g io n s .  In d eed , th e  v e ry  b re a d th  o f
th e  CO2  band su g g es t  th e  p re se n c e  o f  two t r a n s i t i o n s .
C S p e c ie s  The a b s o r p t io n  band i n  t h e s e  m o lecu les  i s  v e r y  s im i l a r
odV
t o  t h a t  i n  th e  s p e c i e s ;  however, i t  should  be fo rb id d e n  on ly  b y  
e l e c t r i c  d ip o le  s e l e c t i o n  r u l e s  i n  th e  C p o in t  g roup . In  OCS and03V
^ 0 , th e  a b s o r p t io n  band a p p ea rs  as  a low broad  continuum  ( e . g . ,  th e  
h a l f - w i d t h  i s :  OCS =* 5 ,000  cm * and ^ ^ 0  7 ,400  cm *) w i th  weak
d i f f u s e  v i b r a t i o n a l  s t r u c t u r e  superim posed on i t .  The cyanogen h a l i d e s  
e x h i b i t  no v i b r a t i o n a l  s t r u c t u r e  i n  t h i s  a b s o r p t io n  band.
D_, S p e c ie s  The t r a n s i t i o n  i s  expec ted  t o  be fo rb id d e n ;  i n  agreem ent
2 d
w i t h  t h i s ,  th e  a ss ig n e d  t r a n s i t i o n  i n  a l l e n e  e x h i b i t s  on ly  a low 
b road  continuum w i th  no v i b r a t i o n a l  s t r u c t u r e .  The low broad
continuum  e v id e n t ly  c o n ta in s  th e  two fo r b id d e n  s p l i t  components of
1 1 + 1 1 1 1  t h e  Au •- Eg t r a n s i t i o n ,  t h a t  i s ,  A2  «- A^ and A^ *- A^.
S p e c ie s --------- The expec ted  s i n g l e  a llow ed  component o f  t h i s  band in
has  been i d e n t i f i e d  i n  a l l  c a s e s .  In  HgCNN, th e  a b s o r p t io n  i s  found 
t o  be broad and c o n t in u o u s .  In  (CH^^^CN, i t  e x h i b i t s  weak d i f f u s e  
v i b r a t i o n a l  bands w hich have been a s s ig n e d  a s  th e  t o t a l l y  symmetric 
CH^ d e fo rm a tio n  mode. In  l^CCO, f o u r  d i s t i n c t  v i b r a t i o n a l  bands a r e
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o b se rv ed ;  t h e i r  i n t e n s i t y  d i s t r i b u t i o n  i n d i c a t e s  an  a llow ed  o r i g i n .
T h is  p ro g r e s s io n  i n  l^CCO i s  a s s ig n e d  as  th e  sym m etrica l CH de fo rm a tio n  
f req u e n cy  and i s  v e ry  s i m i l a r  t o  c o rre sp o n d in g  v i b r a t i o n a l  s t r u c t u r e  
observed  i n  one o f  th e  a b s o r p t io n  bands o f  a c e to n e .
C S p e c ie s  In  C . t h e  e x p ec ted  two a llow ed components a r e  observed .
S  S ’*
They a r e  v e ry  broad and cover  a la rg e  r e g io n  o f  th e  spec trum . Both
components a r e  a l s o  observed  i n  CH^CHgNCO; th e y  a r e  c o n t in u o u s ,  w ith  no
o b se rv ab le  v i b r a t i o n a l  s t r u c t u r e .  In  HN^» th e  lower component
t r a n s i t i o n ,  which we a s s ig n  a s  ^A" «- 1a / , e x h i b i t s  two in t e r l e a v e d
p ro g r e s s io n s  i n  th e  sy m m etr ica l  N-N-N s t r e t c h i n g  f re q u e n c y ;  th e
d isp la ce m e n t  between th e  p ro g r e s s io n s  co rre sponds  :to one o f  th e
N-N-N bending  modes. The h ig h e r -e n e rg y  component o f  t h i s ;  band , which
we a s s ig n  as  ♦- ’̂A / , shows a s in g le  p r o g r e s s i o n  i n  th e  a "  bending
freq u e n cy  o f  N-N-N.
The v i b r a t i o n a l  a ss ig n m en ts  and band shapes a r e  th o se  
1 1 Iexpec ted  f o r  A *- E and c o r r e l a t i n g  t r a n s i t i o n s ,  u g
E. 12" STATE AND CORRELATING SPECIES — u---------------------------------------------------
The s t a t e  r e s u l t s  from th e  MO e x c i t a t i o n  iTTgC^l^J-^TT^bj,) 
and has  A = 0. T h is  t r a n s i t i o n  i s  expec ted  t o  have p a r t i c u l a r l y  low 
i n t e n s i t i e s  compared t o  o t h e r  i n t r a - v a l e n c y - s h e l l  e x c i t a t i o n s .  The 
t o t a l  energy  p l o t s  o f  F i g ' s . 7 & 8 suggest t h a t  th e  t r i a t o m i c  cha in  
i s  b e n t  to  ~140° in  t h i s  e x c i t e d  s t a t e .  I n  m o lecu les  w i th  o f f - a x i s  
s u b s t i t u e n t s ,  th e  t r a n s i t o n  should  take  p la c e  from the o ccup ied  iq -p la n e  
"tt" MO to .  th e  unoccupied. "ttV.MO; p e rp e n d ic u la r ,  t o  . the  m o lecu la r :  p la n e .  The
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1 -  1 +
E u  *- E g  t r a n s i t i o n  s h o u l d  c o r r e s p o n d  t o  t h e  f o r b i d d e n  n  -♦  tt*
t r a n s i t i o n  o f  a ld eh y d es  and k e to n e s .  In  th e  m olecu les  c o n s id e re d
h e r e ,  th e  an a lo g  o f  the  non-bonding  e l e c t r o n s  on the  ojtygen atom of
th e  a ldehydes  and k e to n es  a r e  e i t h e r  "bonding" o r  a n t i -b o n d in g "  w ith
th e  in -p la n e  " tf"  o r b i t a l  on th e  c e n t r a l  atom a s  shown in  F i g . 4 . Thus,
th e  "non-bonding" c h a r a c te r  i s  l o s t .
The d i s t i n g u i s h i n g  f e a t u r e s  o f  weak i n t e n s i t y  and low
en erg y  ag ree  w i th  experim ent and p o in t  t o  th e  a ss ig n m en t.  This
i s  the  only  s i n g l e t  *- s i n g l e t  t r a n s i t i o n  w hich should  be fo rb id d e n
i n  a l l  p o in t  groups ex cep t  C and which should  no t s p l i t  i n t o  twos
components i n  th e  low symmetry m o lecu les .  The f e a tu r e s  o f  th e  a s s ig n e d  
a b s o r p t io n  concur wLth th e s e  p r e d i c t i o n s .
1. I n t e n s i t y
1 -  1 +The £  «- E t r a n s i t i o n  i s  e l e c t r i c  d ip o le  fo rb id d e n  i n  a l l  u g r
p o i n t  groups ex ce p t  C where i t  should  be p o la r i z e d  p e r p e n d ic u la r  tos
th e  m o lecu la r  p la n e .  I t  i s  a l s o  fo rb id d e n  by m agnetic  d i p o l e ,  e l e c t r i c
q u a d ru p o le ,  and f i r s t - o r d e r  v i b r o n i c  co u p lin g  s e l e c t i o n  r u l e s  i n
i n  C , the  f i r s t  and t h i r d  methods a r e  a l lo w e d ;  in  D „,, th e  l a t t e r  »v * 2d *
two a r e  a v a i l a b l e ;  i n  Cn , a l l  th re e  methods a r e  a llow ed .
2v
D2 d & ^ 2v sPec:i,es d eg ree  o f  fo rb id d e n n e s s  expec ted
1 - 1 +f o r  th e  £  «- E t r a n s i t i o n  i s  m an ife s t  i n  th e  low i n t e n s i t y  o f  th e  u g
bands a s s ig n e d  to  t h i s  t r a n s i t i o n .  For exam ple, the  h ig h e s t  o s c i l l a t o r
-3s t r e n g t h  observed  i s  4 .8x10 ( i n  NCCA and NCI). An a b s o r p t io n  p a th
52le n g th  o f  33 m ete rs  and s e v e r a l  a tm ospheres p re s s u re  was used to
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o b se rv e  the  t r a n s i t i o n  i n  ^ 0 .  The co rre sp o n d in g  t r a n s i t i o n  has no t 
been  observed  i n  OCS and a l l e n e ;  an i n v e s t i g a t i o n  i n  long  p a th le n g th s  
would be most i n t e r e s t i n g .
1 1 “  1 1 +Cg S p e c ie s  I n  Cg m o le c u le s ,  where th e  A"( Eu) * -  A7( 2^) t r a n s i t i o n
i s  a l lo w ed , th e  maximum e x t i n c t i o n  i n  th e  a ss ig n e d  bands i s  o n ly  
60 l .m o le  ^cm
The c a l c u l a t e d  o s c i l l a t o r  s t r e n g th s  f o r  th e  a llow ed  ana log
t r a n s i t i o n s  ( s e e  Table  IV) a r e  i n  good agreement w i th  e x p e r im e n ta l
v a l u e s .  Thus, th e  low i n t e n s i t y  o f  th e  bands a s s ig n e d  t o  the
*- ^E+ t r a n s i t i o n  i s  i n  f u l l  a cc o rd  w i th  th e  t h e o r e t i c a l  p r e d i c t i o n s ,  u g
2 .  E n e r g y
25 1 -The c a l c u l a t i o n s  o f  M u ll ig a n  p r e d i c t  t h a t  th e  s t a t e
shou ld  be th e  lo w e s t-en e rg y  e x c i t e d  s i n g l e t  s t a t e .  From F i g . 17, i t
i s  a p p a re n t  t h a t  t h i s  i s  indeed  th e  case  f o r  the  t r a n s i t i o n  a s s ig n e d
a s  1 2 u «- ^*g* energy  v a r i e s  ov e r  a s m a l le r  ran g e  th a n  th e  o th e r
TT “* TT* s t a t e s  ( i . e . ,  ^Au and ran g in g  between 6 .53ev  in  COg to
3 . l4 e v  i n  HgCNN. However, t h i s  i s  s t i l l  a w ider  ran g e  th a n  t h a t
covered  by th e  ^11 s t a t e .
S
3 . V ib r a t i o n a l  S t r u c t u r e
F o r  most o f  th e  m o lecu le s  s tu d ie d  th e  a b s o r p t io n  a s s ig n e d  as
1 - 1 +2 u * -  Eg a p p e a rs  a s  a weak c o n t in u o u s  a b s o r p t io n  band w i th  a 
f o rb id d e n  o r i g i n  and no v i b r a t i o n a l  s t r u c t u r e .  The on ly  m olecu les  
w i th  s t r u c t u r e  a r e  a s  fo l lo w s :
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l^CCO & ^CNN Very weak d i f f u s e  v i b r a t i o n a l  bands have been
observed  i n  th e s e  m o le c u les ;  however, a n a l y s i s  i s  n o t  f e a s i b l e .
CS2 ------A v e ry  complex v i b r a t i o n a l  s t r u c t u r e  i s  observed  i n  th e
1 " 1 + 82 2  2  t r a n s i t i o n  o f  CS„. A r o t a t i o n a l  a n a l y s i s  i n d i c a t e su g 2
t h a t  i t  i s  a s i n g l e t  s t a t e  w i th  bond an g le  o f  135 .8°  and C-S bond 
le n g th  of 1.64&; however, th e  s t r u c t u r e  i s  no t c o m p le te ly  u n d e rs to o d .
HNCO A long p r o g r e s s io n  i n  th e  bending  mode has been  observed  in
th e  c o rre sp o n d in g  t r a n s i t i o n  o f  HNCO.
HNNN The t r a n s i t i o n  i n  HNNN e x h i b i t s  two d i f f u s e  i n t e r l e a v e d
p r o g r e s s io n s  i n  th e  a *  a n t isy m m e tr ic  N-N-N s t r e t c h i n g  mode which
a r e  s e p a ra te d  by one o f  th e  bend ing  modes.
The c o n to u rs  o f  th e s e  a b s o r p t io n  bands and th e  f a c t  t h a t
most o f  them a r e  con tin u o u s  and show, o n ly  v e ry  weak d i f f u s e
v i b r a t i o n a l  s t r u c t u r e  i n d i c a t e  t h a t  th e  t r a n s i t i o n  i s  fo rb id d e n ,  in
1 -  1 +agreem ent w i th  th e  2 ^ ♦- 2 ^ a ss ig n m e n t .
F .  TRIPLET STATES
The m an ifo ld  o f  t r i p l e t  s t a t e s  i s  o f  p a r t i c u l a r  im portance
i n  p h o to c h e m is try .  Due to  th e  low e x t i n c t i o n  c o e f f i c i e n t s  o f
t r i p l e t  «- s i n g l e t  a b s o r p t io n  bands and th e  f a c t  t h a t  phosphorescence
of t r i p l e t  -» s i n g l e t  c h a r a c t e r  u s u a l l y  o ccu rs  o n ly  from th e  lo w e s t-
energy  t r i p l e t  s t a t e ,  i t  i s  d i f f i c u l t  to  o b ta in  in fo rm a t io n  on the
25t r i p l e t  m a n ifo ld .  The c a l c u l a t i o n s  o f  M u ll ig an  p r e d i c t  th e  o rd e r
3 + 3 3 -  3o f e n e r g i e s :  2 U < Au < < 11̂ * The s i n g l e t - t r i p l e t  i n t e r v a l s
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3 - 1 - 3 1  3 12 - 2  and II -  II a r e  ex p ec ted  to  be n e g l i g i b l e ;  th e  A " A
i n t e r v a l  i s  ex p ec ted  to  be c o n s id e ra b ly  l a r g e r ;  and th e  i n t e r v a l
3 + 1 +  3 3 - 1  +~  i s  p r e d i c t e d  t o  be v e ry  l a r g e .  Thus, the  IIg , «- 2^
t r a n s i t i o n s  should  l i e  a t  h ig h  e n e r g ie s  and should  be masked by s t ro n g
3 + 3  1 +s i n g l e t  «- s i n g l e t  a b s o r p t io n s ;  th e  II , A *- 2  t r a n s i t i o n s  shouldu g
l i e  a t  lower e n e r g ie s  and might be o b s e rv a b le .
52The low est t r i p l e t  s t a t e  o f  ^ 0  has  been observed  in  an
a b s o r p t io n  p a th  l e n g th  of 33 m e te rs  a t  s e v e r a l  a tm ospheres p r e s s u r e ;
94t h a t  o f  ^CCO has been  observed  a t  24 m.atm. The low est t r i p l e t
s t a t e s  o f  HNCO, C2H^NC0 , NCO s a l t s ,  NCS s a l t s ,  and NNN s a l t s
4 5have been  observed  *  i n  e i t h e r  a b s o r p t io n ,  e m is s io n ,  o r  b o th .
62The lo w est  t r i p l e t  o f  CO2  has been  observed  i n  em is s io n .  As seen
i n  F i g . 17, the  e n e r g ie s  o f  th e s e  s t a t e s  l i e  w e l l  below th e  lo w est-
en erg y  e x c i t e d  s i n g l e t  s t a t e ,  ^2U» From th e  e x p e r im e n ta l  and
4 5co m p u ta t io n a l  ev id en ce  * ,  t h e r e  i s  l i t t l e  doubt o f  th e  s p in -  
f o rb id d e n  n a tu re  o f  t h i s  t r a n s i t i o n .  The re a so n s  f o r  th e  t r i p l e t  
a ss ig n m en t a r e :
(a )  The e x t i n c t i o n  c o e f f i c i e n t s  observed f o r  the  
a b s o r p t iv e  t r a n s i t i o n  a r e  ex tre m e ly  low f o r  s i n g l e t  «- s i n g l e t  
t r a n s i t i o n s  bu t i n  t h e  expected  range  f o r  s i n g l e t  <- t r i p l e t  
t r a n s i t i o n s .
(b) The decay l i f e t i m e s  observed  i n  the  em iss iv e  
t r a n s i t i o n  a re  much to o  long t o  be o f  a f lu o r e s c e n c e  n a t u r e ;  they  must 
r e p r e s e n t  i n t r i n s i c  m o le c u la r  phosphorescence  decay from a t r i p l e t  
s t a t e .
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(c) The l i f e t i m e s  o f  t h e  an io n  lum inescences  appea r  
t o  d e c re a se  as  th e  a to m ic  number of th e  a s s o c i a t e d  m e ta l  c a t io n  
i n c r e a s e s .  T h is  seems t o  be the  " e x t e r n a l  heavy-atom  s p i n - o r b i t  
c o u p l in g  e f f e c t "  so common t o  m o lecu la r  p h o sp h o re scen ce .
(d) The e x t i n c t i o n  c o e f f i c i e n t s  of th e  an io n  a b s o r p t io n s  
appea r  t o  in c r e a s e  a s  th e  a tom ic  number o f  th e  a s s o c i a t e d  metal c a t i o n  
i n c r e a s e s — d e m o n s t ra t in g ,  a g a in ,  th e  same s p i n - o r b i t  e f f e c t  s p e c i f i e d
i n  ( c ) .
(e )  VESCF-CI c a l c u l a t i o n s  perform ed h e re  ( s e e  Table  V),
25as  w e l l  a s  th o se  of M u ll ig a n  , i n d i c a t e  t h a t  the  lo w e s t-en e rg y
e l e c t r o n i c  s t a t e  o f  a l l  th e s e  m olecu les  i s  a t r i p l e t  s t a t e .  T h is ,  o f
c o u r s e ,  would a l s o  be th e  q u a l i t a t i v e  p r e d i c t i o n  based  on the  s im ple
a p p l i c a t i o n  o f  Hund's r u l e s .
Having e s t a b l i s h e d  the  p ro b a b le  t r i p l e t  c h a r a c t e r  o f  t h i s
lo w e s t-e n e rg y  t r a n s i t i o n ,  th e  next q u e s t io n  concerns  th e  n a tu re  o f  th e
o r b i t a l  e x c i t a t i o n  in v o lv e d .  The m o s t - t e l l i n g  ev id en ce  r e l a t i n g  to
thie o r b i t a l  e x c i t a t i o n  ty p e  i s  p rov ided  by th e  co rrespondence  of
observed  phosphorescence  l i f e t i m e s  w i th  th o s e  o b ta in e d  from s p i n - o r b i t
c o u p lin g  c a l c u l a t i o n s .  E xperim en ta l  p hosphorescence  l i f e t i m e s  o f
CH^NCO and NaOCN a r e  a p p ro x im a te ly  2 and 0 .2  s e c ,  r e s p e c t i v e l y .  The
3 + 1 +c a l c u l a t e d  l i f e t i m e  of th e  -* Eg t r a n s i t i o n  i n  l i n e a r  NCO , in  
b e n t  NCO , and i n  HNCO i s  ^ 0 .1 2  s ec ,  w h ich  co rre sp o n d s  c lo s e ly  t o
3  1 J . 2  •  1 ^
e x p e r im en t .  The c a l c u l a t e d  l i f e t i m e  o f  th e  and -* 2g
3 5t r a n s i t i o n s  i s  ~ 1 0  t im e s  s h o r t e r  th a n  th e  e x p e r im e n ta l  l i f e t i m e .
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T hus, we p r e d i c t  t h a t  th e  o r b i t a l - e x c i t a t i o n  ty p e  i s  Tt -* Tt* o rX K
-  T$ (i.e ., 3S ; - 1< ) -
The lum inescence  o f  th e  NCO io n  and i t s  s a l t s  i s  v e ry
s i m i l a r  t o  t h a t  o f  th e  a lk y l  i s o c y a n a t e s ; in d e e d ,  th e  decay  t im es
T ajje somewhat lo n g e r .  In  th e  c a se  o f  phenyl i s o c y an a te ,  t h e r e  
P
seems to  be l i t t l e  doub t t h a t  th e  t r a n s i t i o n  i s  o f  TT -* tt* t y p e .  In
view o f th e  o u t -o f -p la r ie  n a tu re  o f  the  tt and tt* o r b i t a l s  o f  th e
phenyl i s o cyanate, i t  fo llo w s  th a t th e  ttx -» Tl* and TT̂ -* tt* nature of
th e  co rre sp o n d in g  t r a n s i t i o n  i n  th e  cyana te  g ro u p in g  i s  v a l i d a t e d .
A S tokes  s h i f t  o f  ~*7,000 cm- ^ betw een th e  maxima o f  th e
c o rre sp o n d in g  a b s o r p t io n  and phosphorescence  bands o f  NCO i s  taken
a s  ev id en ce  o f  th e  b e n t  n a tu re  o f  th e  e x c i t e d  s t a t e .  I f  th e  e x c i te d
3 +s t a t e  i s  a ss ig n e d  a s  Su , our c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  energy  
of t h i s  s t a t e  should  d e c re a se  upon bending  th e  t r i a to r a i c  c h a in .  The 
pho sp h o rescen ce ,  t h e r e f o r e ,  m ight be l a b e l l e d  more p r o p e r ly  as
3A '(C s ) -  V ( C OT) .
A 5Thus, i n  a l l  cases  w here th e  e m is s io n  i s  observed  * ,
3 +i t  seems w e l l - e s t a b l i s h e d  t h a t  th e  low est t r i p l e t  s t a t e  i s  o f  2 u
s p e c i e s .  The a ss ignm en t i s  l e s s  c e r t a i n  i n  N^O and H^CCO w here only
a b s o r p t io n  has  been o b se rv ed . However, by an a lo g y  w i th  th e  examples
3 +c i t e d  above, th e  lo w e s t-en e rg y  e x c i t e d  s t a t e  should  be 2  (D , ) ,u con
3s X v), 3v > 2d>. 3w > or 3a'(v -
G. RYDBERG STATES
Rydberg s e r i e s  have been  mapped f o r  CS2 , OCS, a l l e n e ,  
and HN^- These s e r i e s  y ie ld  1 0 .1 0 ,  10 .59 , 1 0 .1 9 ,  and 1 1 .1 5 e v ,
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r e s p e c t i v e l y ,  f o r  the  low est i o n i z a t i o n  p o t e n t i a l s  ( i . e . ,  removal o f
an e le c tr o n  from the I t t  MO's). These io n iz a t io n  p o te n t ia ls  are in
S
e x c e l l e n t  ag reem ent w i th  th o s e  o b ta in e d  by o th e r  m ethods, as  shown i n  
T ab le  VI. Of th e  s e v e r a l  co m p u ta t io n a l  methods u sed , the  MWH 
c a l c u l a t i o n s  a r e  found to  g iv e  th e  b e s t  f i r s t  i o n i z a t i o n  p o t e n t i a l s .
V. CONCLUSION
T h is  work c o n ta in s  th e  i d e n t i f i c a t i o n  o f  a l a r g e  number of 
e l e c t r o n i c  a b s o r p t io n  and e m is s io n  bands i n  th e  s p e c t r a  o f  s i x t e e n -  
v a l e n c e - e l e c t r o n  m o lecu les  and io n s .  These i d e n t i f i c a t i o n s  a re  
based  on th r e e  a t t i t u d e s :
(1) A c o r r e l a t i o n  o f  symmetry r e p r e s e n t a t i o n s  and
v a r io u s  p r o p e r t i e s  o f  the  e l e c t r o n i c  s t a t e s  such  a s  i n t e n s i t y ,  e n erg y ,
v i b r a t i o n a l  s t r u c t u r e ,  e t c .  th ro u g h o u t  the  gamut o f  m o lecu lar  p o in t  
g ro u p s ;
(2) A c o r r e l a t i o n  o f  th e  e x p e r im e n ta l  and c a l c u l a t e d
e l e c t r o n i c  p r o p e r t i e s  o f  th e  v a r io u s  m o le c u les ;
(3 ) The use o f  s p e c i f i c  a ss ig n m e n ts  o b ta in e d  by 
v i b r a t i o n a l  a n d /o r  r o t a t i o n a l  a n a l y s i s  o f  some in d iv id u a l  a b s o r p t io n  
ban d s .
Method (1) r e p r e s e n t s  a somewhat novel ap p ro ach  to  th e  i d e n t i f i c a t i o n  
o f  th e  e l e c t r o n i c  s p e c t r a  o f  th e s e  m o lecu les .  I t  should  be s t r e s s e d  
t h a t  symmetry c o r r e l a t i o n s  o f  th e  e l e c t r o n i c  s t a t e s  o f  s i m i l a r  
m o lecu les  b e lo n g in g  t o  d i f f e r e n t  p o in t  groups can p ro v id e  s e r i e s  o f  
unique and d i f f e r e n t i a t i n g  f e a t u r e s  which form a pow erfu l b a s i s  
f o r  s t a t e  i d e n t i f i c a t i o n s .
In  view o f  the l a r g e  number o f  c o r r e l a t i o n s  and a ss ignm en ts  
t h a t  have been  made h e r e ,  i t  i s  expec ted  t h a t  c e r t a i n  ones w i l l  and 
should  be q u e s t io n e d .  In  s p e c i f i c ,  Table  XXIII c o n ta in s  th e  ass ignm ent 
o f  s e v e n ty - th r e e  t r a n s t i o n s — n o t  co u n tin g  R ydbergs!— i n  s e v e n te en
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m olecu les  and io n s .  Those t r a n s i t i o n  a ss ig n m en ts  w hich we c o n s id e r  
most t e n t a t i v e  ( i . e . ,  th o s e  which p e r t a i n  to  a b s o r p t io n  bands f o r  
w hich  we d id  no t have enough in fo rm a t io n  to  p rov ide  c o n c lu s iv e  
a ss ig n m en ts )  a r e  l i s t e d  below;
NjO: V  ~ 1s+ ; 3S+ -  V  
002 :
OCS: tt -* ns Rydberg s e r i e s
1 1 +
C£>2 ' 1^ * - ; th e  n = 3 members o f  th e  t h r e e  t t  nd Rydberg s e r i e s .
H2 CCCH2 : J -  lAi ( l s g>
H2 C C 0: l B2 ( 1 n g )  -  1 A1 ( 1 S g )
NCCl t  NCBr, NCI: 1n  1^+ ; Hi* *- 1£+
H2CNN: 1 B2 ( 1ng) -  l A1 ( 12g) ; ^ c 1^ )  -  \ c 1^ )
F i n a l l y ,  we w ish  t o  emphasize t h a t  th e  g r e a t e s t  v i n d i c a t i o n  
o f  th e  ass ignm en ts  we make l i e s  i n  t h e i r  re a s o n a b le n e s s  and t h e i r  
co n fo rm ity  to  symmetry c o r r e l a t i o n s  f o r  such  a l a r g e  number o f  
m o le c u le s .
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APPENDIX I
CONSTRUCTION OF ANTISYMMETRIZED STATE WAVEFUNCTIONS
T h is  appendix  i l l u s t r a t e s  th e  te c h n iq u e  o f  c o n s t r u c t i n g  
a n t isy m m etr ized  s t a t e  w av e fu n c tio n s  u s in g  th e  t r a n s f o r m a t io n  p r o p e r t i e s  
of th e  o r b i t a l s .  The p rocedu re  w i l l  be o u t l i n e d  f o r  th e  tt-MO's o f  a 
l i n e a r  t r i a t o m i c  m olecu le . Sym m etrical l i n e a r  m o lecu les  b e lo n g  to  
th e  D ^  p o i n t  g roup , whose r e p r e s e n t a t i o n  t a b l e  i s  g iven  i n  T ab le  XXIV; 
th e  c o rre sp o n d in g  symmetry o p e r a t io n s  a re  i l l u s t r a t e d  in  F i g . 18. For 
our p u rp o s e s ,  we w i l l  use on ly  th e  o p e r a t io n s  o f  t h e  C p o i n t  group,
GOV
t h a t  i s  E, 2C , and a>c , s in c e  t h e s e  a r e  s u f f i c i e n t  to  c h a r a c t e r i z e
oo V
th e  r e s u l t i n g  s t a t e s .  The g and u s u b s c r i p t s  o f  th e  D ^  p o i n t  group 
can be added a f t e r w a r d s ,  i f  so d e s i r e d .
C o n f ig u ra t io n  w av e fu n c tio n s  a r e  a n t isy m m etr ized  m o lecu la r  
o r b i t a l  w av e fu n c t io n s  i n  w hich th e  ass ignm ent o f  e l e c t r o n s  (and t h e i r  
s p in s )  t o  in d iv id u a l  m o lecu la r  o r b i t a l s  i s  s p e c i f i e d .  These wave­
f u n c t io n s  a r e  n o t  good ap p ro x im a tio n s  to  s t a t e  fu n c t io n s  because  th e  
concep t o f  o n e - e le c t r o n  o r b i t a l s  i s  no t e x a c t l y  v a l i d  in  a m an y -e lec tro n  
system . The H am ilton ian  i s  n o t  s e p a ra b le  i n t o  a  sum of o n e - e le c t r o n  
p a r t s ;  t h e r e f o r e ,  the  m a tr ix  e lem en t ({p^lKjcpjj), where tp i s  a one- 
e l e c t r o n  m o le c u la r  o r b i t a l  and M ^  N# i s  no t n e c e s s a r i l y  z e r o .  I t  i s  
th e  o f f - d i a g o n a l  m a tr ix  e le m e n ts ,  such as  th e  one shown above , which 
"mix" th e  c o n f ig u r a t i o n s ,  r e n d e r in g  th e  o n e - e l e c t r o n  w av efu n c tio n s  and 
e n e r g ie s  in a d e q u a te  In  t h i s  h ig h e r  a p p ro x im a tio n .  These m a t r ix  e lem en ts  
can be assem bled  i n t o  a new en e rg y  m a t r ix .  D ia g o n a l i z a t io n  o f  t h i s
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TABLE XXIV
THE D . POINT GROUPcon
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F i g .  18: The Symmetry O p e ra t io n s  o f  th e  P o in t  G rotj).
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r e s u l t i n g  e n e rg y  m a tr ix  y i e l d s  a new s e t  o f  e n e r g ie s ,  Eg, and 
w a v e fu n c t io n s ,  ^g , where
*1 “ ^  CIM ^  . .1 -1
These new e n e r g ie s  and w av efu n c tio n s  a r e  c h a r a c te r i z e d  by th e  p r e f i x  
" s t a t e " ,  D ia g o n a l iz in g  th e  above m a tr ix  i s  e q u iv a l e n t  t o  s o lv in g  th e  
s e c u la r  d e te rm in a n t
K ' S i M V  -  - 0
I t  fo l lo w s  from  the  V a r ia t io n  P r i n c i p l e  t h a t  the low est s t a t e  energy  
o f  a  g iven  s p in  and o r b i t a l  symmetry ty p e  w i l l  be e q u i - e n e r g e t i c  to  
o r  lower e n e r g e t i c a l l y  th a n  th e  c o rre sp o n d in g  c o n f ig u r a t io n  energy  and 
t h a t  th e  s t a t e  w av efu n c tio n s  w i l l  be s u p e r io r  t o  th e  s im ple  c o n f ig u r a t i o n  
w a v e fu n c t io n s .  T h is  l i n e a r  s u p e r p o s i t i o n  of c o n f ig u r a t i o n s ,  a s  i n  
E q . l - I ,  i s  commonly c a l l e d  C o n f ig u ra t io n  I n t e r a c t i o n .
A n a ly t i c a l  e x p re s s io n s  f o r  th e  m o lecu la r  o r b i t a l s  can be 
o b ta in e d  u s in g  the  p r o j e c t i o n  o p e ra to r  te ch n iq u e  d e s c r ib e d  by McGlynn 
e t  a l . 1. The HO's o b ta in e d  from MWH c a l c u l a t i o n s  can  a l s o  be used 
p ro v id ed  t h a t  t h e i r  t r a n s f o r m a t io n  p r o p e r t i e s  a re  f u l l y  c h a r a c t e r i z e d .
As shown in  T ab le  I I ,  th e  ground s t a t e  c o n f ig u r a t io n  o f  a  C m olecule  
i s  • • *•7a^2n^3TT°. The tt-MO's a r e  formed from th e  and AO's o f  
th e  th re e  atom s i n  the  l i n e a r  c h a in .  These  and AO's on a 
s in g le  atom t ra n s fo rm  a c c o rd in g  t o  t h e  II r e p r e s e n t a t i o n .  I t  i s
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im p o r ta n t  t o  n o te  t h a t  th e y  a re  in s e p a r a b le  s in c e  th e  r e p r e s e n t a t i o n  
f o r  which th e y  form  a b a s i s  i s  i r r e d u c i b l e .  Thus, th e  c o rre sp o n d in g  
MO's w i l l  a l s o  be i r r e d u c i b l e  and w i l l  t r a n s fo rm  to g e th e r*  The tHIO 
w av e fu n c t io n s  a r e
2 tt
3tt
{n  = cu X * l + =P2 -  ' U K,1  +
{ :
C12*x2 ” C13^x3 
c 12*y2 ‘  °13^y3
^3 "  C21*xl " C22*x2 + C23*x3
%  = c21x y l  " c22*y2 + c23xy3  3 - 1
where d e n o te s  a 2px ~A0 on atom number one. The c^ j lfi can
o b ta in e d  from th e  MWH c a l c u l a t i o n s .
The lo w e s t-en e rg y  e x c i t e d  c o n f ig u r a t io n  a r i s e s  from the
2 3 12tt -* 3tt MO e x c i t a t i o n .  The e l e c t r o n  d i s t r i b u t i o n  . . . . 7  <j 2n  3tt
t r a n s fo rm s  as  II x II; t h i s  y i e l d s  the  o r b i t a l  r e p r e s e n t a t i o n s
+ 1 3  +E + 2  + 4 *  S in ce  th e re  i s  no Ferm i fo r b id d n e s s ,  th e  s t a t e s ,  * 2  ,
1 3 -  1 3’ 2  t and * A can a r i s e .  To g e n e ra te  f u l l y  sym m etry-adapted
e i g e n f u n c t i o n s ,  we must f i r s t  form e ig e n f u n c t io n s  o f  th e  s p in
o p e r a to r s ,  g  and g^.  z
The e ig e n f u n c t io n s  o f  S  a r e  g iv e n  by s in g le  4 x 4  S l a t e r
z
d e te r m in a n ts .  For the  ground s t a t e ,  on ly  one such d e te rm in a n t  e x i s t s :
* 0 -  l®l U >91(2 )$ 2C3)92(4) | ; Mj. = 0  4 -1
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F o r  the  e x c i t e d  s t a t e s ,  a t o t a l  o f  s i x t e e n  p o s s i b i l i t i e s  e x i s t s  a s
2
shown in  T able  XXV. The e ig e n v e c to r s  o f  & are . o b ta in e d  by a p p ly in g  
th e  s p in  p r o j e c t i o n  o p e ra to r
ocs2] = s2+w*+s .3+ = ^ - h v s+s- . . . . 5 - 1
A more u s a b le  form*- o f  t h i s  s p in  p r o j e c t i o n  o p e r a to r  i s
°t%3 = TTts2ls-j (Sj+l)h2] •: • 6-1
where
r  = {2 P®® +: 2+2(iia+n'p) ]} h 2 . . . .  7-X
In  th e s e  e q u a t io n s ,  if and bf0  a r e  th e  number o f  e l e c t r o n s  w i th  0f
of P
afl
and p s p in ,  r e s p e c t i v e l y ;  and S? i s  t h a t  s u b - c l a s s  o f  a l l  p e rm u ta t io n  
o p e r a to r s  which, in te rc h a n g e  a  and 0 s p in s .  The o p e r a to r  P rS ^ ] ,  when 
a llow ed  t o  a c t  on an  a r b i t r a r y  m an y -e lec tro n  s p i n - o r b i t a l  w av efu n c t io n ,
I ■
w i l l  e i t h e r  p r o j e c t  out o f  i t  the  d e s i r e d  e ig e n f u n c t io n — one which 
p o s se ss e s  s p in  a n g u la r  momentum, quantum number S ^ - o r  w i l l  co m p le te ly  
a n n i h i l a t e  i t .  The r e s u l t s  o b ta in e d  f o r  .the e ig e n f u n c t io n s  o f  § z 
from T able  XXV a r e :
t̂j» * S — 1 , Mg — 1
♦2++3- W  *10+*U- *16** 15 ; S = 1 J «s = 0
*16 ' 1 S = 1 ! “ s  = - 1"




EIGENFUNCTIONS OF S DERIVED FROM THE ELECTRONICz
EXCITATION 2 tt -  3tt 
[T h is  t a b l e  i s  t o  be re a d  i n  th e  manner e x e m p l i f ie d  by
<rg = |$ 1( D i 1( 2 ) ^ 2( 3 ) ^ 3(4) | ]
*1
E le c t r o n  E le c t r o n  E l e c t r o n  E le c t r o n  
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We must now i n v e s t i g a t e  th e  manner i n  which th e s e  c o n f ig u r a t i o n
w av efu n c tio n s  t r a n s fo rm  under th e  symmetry o p e r a t io n s  o f  the  C p o in t
c o V
group . S in c e ,  fo r  t h i s  p u rp o se ,  we a re  concerned o n ly  w ith  th e  o r b i t a l  
t r a n s f o r m a t io n s  and n o t th e  s p in ,  we w i l l  use  th e  o r b i t a l  n o t a t i o n s .









1 0  0 0
0 1 0  0
0 0 1 0
0 0 0 1
1 0  0 0
0 - 1 0 0
0  0  1 0
0 0  0  - 1
COfl t̂i sintfcosid s in  4> 
2
. . 9 - 1
. . . 10-1
sinf&cosfi\ /j 
2-sin«icos(4 cos sintfcosrf - s i n  6
2 2 s i n  (i -sinsScossS cos -sinf5cos(J
fo \
t
i 2 2^-sin^cos*S - s i n  &  sintScos*4 cos ^ j I
 1 1 - 1
These w av e fu n c t io n s  a r e  o b v io u s ly  no t symmetry fu n c t io n s  under th e  C
o p e r a t io n ;  however, i f  the  above m a tr ix  i s  d i a g o n a l i z e d ,  we o b ta in
K a ther  th a n  use  an  i n f i n i t e  number o f o p e r a t io n s  a s
s p e c i f i e d  i n  th e  p o in t  g roup , on ly  th e  Oy o p e r a t io n  i n  the  x z -p la n e  i s  
u sed  h e re  s in c e  i t  i s  s u f f i c i e n t  f o r  ou r p u rp o se s .
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l i n e a r  com bina tions  o f  th e  i j r ■ fu n c t io n s  which a re  symmetry 
f u n c t io n s  o f  th e  o p e r a t io n .  D ia g o n a l i z a t io n  le a d s  to  the  fo l lo w in g
CO
fu n c t io n s : :
¥1 / 2k Wr
*2 = /2<  *1-'*3>
h  -  75< W
t 4 = 7 2 ^*2 ’ ^  12 -X
2 2Here we have made use o f  th e  i d e n t i t i e s :  (c o s  fa  - s i n  f a )  = cos2«4
and 2cos^s in fi  = s i n 2 fa.
I f  we i n v e s t i g a t e  th e  e f f e c t  o f  th e  symmetry o p e r a t io n s  on 
th e  f u n c t io n s  o f  E q . l 2 - I t i t  becomes a p p a re n t  t h a t  th e y  a re  e ig e n ­
f u n c t io n s  and t h e i r  symmetry r e p r e s e n t a t i o n s  a re  e a s i l y  o b ta in e d  from 
the  group t a b l e ,  T ab le  XXIV. The t r a n s f o r m a t io n  p r o p e r t i e s  o f  th e s e  
o r b i t a l s  a r e :
W avefunction
O pera to r
E c6
CD
ay (xz) SymmetryR e p r e s e n ta t io n
*1 V ¥1 x f
T2 ¥ 2 cos 2 ^ 2  + s i n 2<SY3 ■ K>
1
1  * :
’3 ¥3 - s i n 2 |i¥ 2  + c o s 2 ^ 3 ?3 J  4
*4 ¥4 ¥4 ~¥4 S
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The f u n c t io n s  a r e  th u s
E+ = 7 5 < *lV ^ )
S  -  f e w j - t p




Comparison o f th e se  o r b i t a l  fu n c t io n s  w i th  the  e ig e n f u n c t io n s  of g
i n  E q .8-1  and w i th  Table XXV y ie ld s  th e  p ro p e r  co m b in a tio n  f o r  the
v a r io u s  m u l t l p l e t  s t a t e s .  The r e s u l t s  a r e  shown in  T ab le  XXVI. Xt
i s  i n t e r e s t i n g  t o  n o te  t h a t  th e  ^2 +, and one o f  each  o f the
and A s t a t e s  a r e  composed o f  " p a r a l l e l "  ty p e  e x c i t a t i o n s .  That i s ,
an  e x c i t a t i o n  between two MO's which a r e  m u tu a l ly  p a r a l l e l ,  e . g . ,
rr -* tt* o r  tt -* ft*. A l l  o t h e r  s t a t e s  a r e  composed o f  " p e r p e n d ic u la r "  x x  y y
e x c i t a t i o n s ,  t h a t  i s ,  -* Tl* o r  TTy -» r ^ .  I t  i s  th e s e  " e x c i t a t i o n  
c h a r a c t e r i s t i c s "  t h a t  de te rm in e  th e  p r o p e r t i e s  o f  th e  s t a t e s  observed  
in  a b s o r p t io n  o r  em iss io n  s p e c t r a .  The w av efu n c tio n s  o f  T ab le  XXVI 
can be used  in  c a l c u l a t i n g  s t a t e  e n e r g i e s ,  s t a t e  t r a n s i t i o n  
p r o b a b i l i t i e s ,  e t c .
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TABLE XXVI
SYMMETRY-ADAPTED STATE EIGENFUNCTIONS OF S
2 Z AND S FOR LINEAR MOLECULES
(2S + l)r S Ms
l 2+ 0 0  ̂C ̂ 2" %+^10*^11^
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h I 1 T^C 'V '^ l i ySt'V'W
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APPENDIX I I
THE FRANCK-CONDON PRINCIPLE AND THE STRUCTURES OF 
EXCITED ELECTRONIC STATES OF MOLECULES
1-4A ccord ing  t o  th e  Franck-Condon p r i n c i p l e  , th e  r e l a t i v e  
i n t e n s i t i e s  o f  th e  v i b r o n i c  bands o f  an u l t r a v i o l e t  a b s o r p t i o n  system  
depend on th e  change i n  th e  g e o m e t r i c a l  s t r u c t u r e  o f th e  m o lecu le  which
occu rs  i n  th e  co u rse  o f  th e  e l e c t r o n i c  t r a n s i t i o n .  I d e n t i f i c a t i o n
and m easurem ent of t h e s e  v i b r o n i c  bands and t h e i r  i n t e n s i t i e s  p e rm it  
th e  c a l c u l a t i o n  o f  t h i s  change i n  s t r u c t u r e ;  a n d ,  s in c e  th e  s t r u c t u r e  
o f  t h e  g round  s t a t e  i s  u s u a l l y  known, t h a t  o f  th e  e x c i t e d  s t a t e  can be 
c a l c u l a t e d .  T h is  a p p e n d ix  p r e s e n t s  th e  d e t a i l s  of a method f o r  
q u a n t i t a t i v e l y  a p p ly in g  th e  F ranck-C ondon p r i n c i p l e  t o  th e  p rob lem  
o f  d e te r m in in g  th e  s t r u c t u r e  o f  a n  e x c i t e d  s t a t e  o f  a l i n e a r  
t r i a t o m i c  XYZ ty p e  m o le c u le .  The p ro b lem  d is c u s s e d  h e re  i s  s i m i l a r  
to  t h a t  d e s c r ib e d  by Coon, DeWames and Loyd^ f o r  sy m m e tr ic a l ,  b e n t  
AB2  m o le c u le s .
The method o f  a p p ly in g  th e  Franck-Condon p r i n c i p l e  i s  most
e a s i l y  v i s u a l i z e d  i n  te rm s  o f  no rm al c o o rd in a te  s p a c e .  I f  th e
g e o m e t r i c a l  s t r u c t u r e  o f  th e  e x c i t e d  s t a t e  i s  r e g a rd e d  a s  a  d isp la c e m e n t  
from t h e  ground s t a t e  s t r u c t u r e  (w h ich  i s  d e f in e d  a s  a c o o r d i n a t e ) ,  
th en  th e  component o f  t h i s  d i s p la c e m e n t  in  th e  d i r e c t i o n  p a r a l l e l  to
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th e  i t h  normal c o o rd in a te  of th e  e x c i t e d  s t a t e  i s  d e te rm ined  on ly  by 
th e  r e l a t i v e  i n t e n s i t i e s  of th e  bands o f  a te m p e ra tu re - in d e p e n d e n t  
Vi'  p r o g r e s s io n .  H ere , d e n o te s  th e  i t h  normal mode o f  v i b r a t i o n  
i n  th e  e x c i t e d  s t a t e  and v" d e n o te s  th e  i t h  normal mode in  th e  ground 
s t a t e .  I t  i s  assumed t h a t  th e  w a v efu n c tio n  o f the  v i b r a t i o n l e s s  l e v e l  
o f  th e  ground s t a t e  i s  s p h e r i c a l l y  sym m etr ica l in  normal c o o rd in a te  
sp ace .  The a c c u ra c y  o f  t h i s r a ssu m p tio n  f o r  th e  pu rpose  o f  c a l c u l a t i n g  
o v e r la p  i n t e g r a l s  depends on th e  f a c t  t h a t  th e  v i b r a t i o n l e s s  wave- 
f u n c t io n  i s  c o n c e n t r a te d  in  a f a i r l y  sm a l l  r e g io n  of normal c o o rd in a te  
sp a c e .  T h is  a ssu m p tio n  p e rm its  th e  ground s t a t e  normal c o o rd in a te s  
t o  be chosen  p a r a l l e l  t o  thoBe o f th e  e x c i t e d  s t a t e  so  t h a t  th e  Condon 
o v e r la p  i n t e g r a l  s e p a r a t e s  i n t o  a p ro d u c t  o f  o n e -d im en s io n a l  o v e r la p  
i n t e g r a l s .  The method p re s e n te d  h e re  i s  a p p l i c a b l e  to  an  e l e c t r o n i c  
t r a n s i t i o n  f o r  w hich b o th  e l e c t r o n i c  s t a t e s  have s t r u c t u r e s  o f  th e  
same symmetry.
a .  Normal C o o rd in a te s
The v i b r a t i o n a l  p rob lem  i s  r e s t r i c t e d  to  t o ta l ly  sym m etrica l  
d is p la c e m e n ts ,  t h a t  i s ,  sym m etr ica l d is p la c e m e n ts  h av in g  no t r a n s l a t i o n a l  
o r  r o t a t i o n a l  components.
C o n s id e r  a l i n e a r  XYZ m olecu le  where M , M , and M a r e  th ex* y z
masses o f  th e  atoms and r °  and r °  a t e  th e  e q u i l i b r iu m  v a lu e s  of th e  
XY and YZ bond l e n g th s  r e s p e c t i v e l y  in  th e  ground s t a t e .
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A sym m etr ica l  v i b r a t i o n a l  d isp la ce m e n t  may be s p e c i f i e d  by two 
c o o rd in a te s  r ^  and r^  w hich r e p r e s e n t  the  amount o f  s t r e t c h  o f  the  
XY and YZ bonds , r e s p e c t i v e l y .  These may a l s o  be r e p re s e n te d  by the  
d isp lacem en t c o o rd in a te s  z ^ t  z ^ t  and z^ which have th e  form:
2 - "Zo
* - •  * - •  y
t
s  z
" 4  ' - I  " 4 -
Using th e  e q u a t io n s  f o r  th e  c e n te r  o f  mass o f  th e  system , and e x p re s s in g  
z^ in  te rm s o f  z^ and z ^ *  we o b ta in
ri = zi+z3 = ^ ir)zi ~ (jt) z 2 — 1-11y y
r 2 = z 2+z3 =~ ^ r ^ Zl  * “ M~^Z2 ------ 2 ~ 1 1y y
Thus, we can  d e f in e  th e  square  m a t r ix  B and th e  column m a tr ic e s  R 
and Z  by:
R = BZ  3 - I I
o r  in  expanded form
I i M







. . . . 3 a - I I
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The k i n e t i c  energy  I s  g iv en  by th e  fo rm u la r :
2T = M i f  + M z?  + M i ?  x  1 y 3 z 2 ,4-11
where z^ d e n o te s  th e  f i r s t  d e r i v a t i v e  o f  z ^ .  In  o a t r l x  n o t a t i o n ,  i t  
can be e x p re s se d  as
*  •
2T = Z M Z ,5-n
■











, .2  !V ' z
Mz  * M"i
y
Using W i l s o n 's  n o t a t i o n  we can  d e f in e  an H m a tr ix  such ' t h a t
.5 a - I I
•  -1  *
. 2 1  = 1 R . . . , 6 : I I
Using E q 's . 3 - 1 1  and 5 - I I  and a few s t e p s  o f  m a tr ix  a lgebra- , i t  can be 
shown t h a t
 7 - I I
H can  be e v a lu a te d  from th e  e q u a t io n  i n  th e  form
H = hl l  h 1 2i t
h2 l h22.
 8 - I I
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w here
_ M22b l l  " (M12*M21*b U b 12 + Ml l b 12 
1 1  = -  M12M2 1
Ml l b 2 2  ~ ^ 1 2 ^ 2 1 ^ b2 2 b 2 1  *  M2 2 b 21  
2 2  = MU M22 - M12M21
, _ M2 2 b 2 1 b l l  ~ M1 2 b2 2 b l l  ~ M2 1 b 1 2 b 21  + Ml l b 2 2 b 1 2
.1 2  M1 1 M2 2  _ M1 2 M21
_ M2 2 b l l b 1 2  ~ M1 2 b 1 2 b 2 1  " M2 1 b U b 2 2  + Ml l b 2 2 b 21  
21 M11M22 “ M12M21 . . . . 9 - I I
The and ^ j ' s can o b ta in e d  from  E q ' s . B a - I I  and 5 a - I I ,  r e s p e c t i v e l y .
In  te rm s  o f  th e  sy m m etr ica l  v i b r a t i o n a l  c o o r d in a t e s  r ^  and r , , ,  
t h e  p o t e n t i a l  en e rg y  V has  th e  form
2V = + 2 c 1 2 r 1 r 2 + c 2 2 r 2 . . . . 1 0 - 1 1
w here  th e  c j j ' s a r e  f o r c e  c o n s t a n t s .  The e ig e n v a lu e  p rob lem  f o r  
t o t a l l y  sy m m e tr ic a l  v i b r a t i o n s  i n  te rm s  o f  th e  c o o r d in a t e s  r^  and r 2 i s
(HC - = 0  11-11
2
w here  I  i s  th e  u n i t  m a t r ix ,  = ( 2t t c v )̂ where i s  th e  i t h  
v i b r a t i o n a l  f r e q u e n c y  i n  cm and C i s  t h e  fo rc e  c o n s t a n t  m a t r ix .
D e s ig n a t in g  th e  e ig e n v e c to r  by r ^  and r 2 i , t h e  s e c u l a r  e q u a t io n
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y i e l d s
Xl +X2 ~ h l l Cl l  + 2 h 1 2 c 12  + h 2 2 C2 2
X1 X2 “  ( c l l C22  ‘ C1 2 ^ hl l h 2 2  “ h1 2 ^
The t o t a l l y  sym m etrica l norm al modes may be s p e c i f i e d  a s
r l i  h 1 2 C2 2+hl l C1 2
*2 i  Xi " * h l l c l l +h1 2 C1 2 *
Xi ~ ^ h2 2 C2 2+h1 2 C1 2 )
h 1 2 Cl l +h2 2 C1 2
A l i n e a r  XYZ m olecu le  has two t o t a l l y  sym m etr ica l c o o r d in a te s ,
I*e t  ^  th e  m a tr ix  w h ich  t ra n s fo rm s  th e se  c o o r d in a te s  i n to  
c o o r d in a te s  r^  and t h a t  i s
R = LQ
Using th e  p ro ced u re  o f  W ilson  , the  L m a t r ix  i s  g iv e n  by
h i  i  h i  \ 
r 21 r 22
L =










b .  Condon O verlap  I n t e g r a l
The w av efu n c tlo n  f o r  a m olecule  In  th e  a d i a b a t i c  a p p ro x im a tio n  
has th e  form
Y = i|ie ( x ,X ) ^ ( X )   17-11
where x and X r e p r e s e n t  th e  e l e c t r o n i c  and n u c le a r  c o o rd in a te s  
r e s p e c t i v e l y .  *1<V(X) i s  the  v i b r a t i o n a l  w av efu n c tio n  f o r  th e  e f f e c t i v e  
p o t e n t i a l  o f  th e  n u c le a r  d isp la ce m e n ts  and ^ (X jX )  i s  th e  e l e c t r o n i c  
w a v e fu n c t io n  f o r  the  n u c le a r  c o n f ig u r a t i o n  s p e c i f i e d  by X. The 
e l e c t r i c  d i p o l e ^ t r a n s i t i o n  moment o f  a v i b r o n i c  t r a n s i t i o n  i s
M -  J I * X  M<It-x )  K K dlt d x
 18-11
D e s ig n a t in g  the  i n t e g r a l  over th e  e l e c t r o n i c  c o o rd in a te s  as  R^, we 
have
M = jR e ( X ) ^ ^ d X  19-11
Rfi(X) i s  th e  e l e c t r i c  d ip o le  moment f o r  a f ix e d  n u c le a r  c o n f ig u r a t i o n  
which i s  g e n e r a l ly  reg a rd ed  a s  a c o n s ta n t  f o r  each  e l e c t r o n i c
n
t r a n s i t i o n .  The v i b r a t i o n a l  w a v efu n c t io n s  have th e  form ^  
where n i s  th e  number o f  normal modes o f  v i b r a t i o n  and a r e  th e  
c o r re sp o n d in g  normal c o o r d in a te s .  The e l e c t r i c  d ip o le  t r a n s i t i o n  
moment o f  a v ib r o n i c  band i s  thus
m = ] d q ; i , ^  . . . . 2 1 - n
j —X i-X
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To e v a l u a t e  t h i s  i n t e g r a l ,  i t  i s  n e c e s sa ry  to  s p e c i f y  th e  t r a n s f o r m a t io n  
betw een th e  normal c o o r d in a te s  q" o f  th e  ground s t a t e  and th o s e  o f  the  
e x c i t e d  s t a t e  q^ . T h is  t r a n s f o r m a t io n  has  th e  form
q" = q.' + dJ  2 2 - 1 1Mi  ^ i  i
T ab le s  o f  o n e -d im e n s io n a l  Franck-Condon o v e r l a p  i n t e g r a l s  in c lu d in g  
d is p la c e m e n t  o f  normal c o o r d in a t e s  o f  the  ground and e x c i t e d  s t a t e  
harm onic  o s c i l l a t o r  w a v e fu n c t io n s  have been e v a lu a te d ^  f o r  quantum 
numbers y "  and V ' r a n g in g  from 0 to  10. These i n t e g r a l s  a re  
e v a lu a te d  i n  te rm s  o f  two p a ra m e te r s ,  th e  d i f f e r e n c e  i n  normal 
c o o r d in a t e s  o f  th e  ground and e x c i t e d  s t a t e s ,  d ^ , and th e  r a t i o  o f  
th e  v i b r a t i o n a l  f r e q u e n c ie s  i n  th e  two s t a t e s ,  v^/v^* These t a b l e s  
can be used  i n  e v a l u a t i n g  th e  i n t e g r a l  o f  E q .21-11 .
c .  D e te r m in a t io n  o f  E x c i te d  S t a t e  S t r u c t u r e
The a c t u a l  d e te r m in a n t io n  o f  th e  e x c i t e d  s t a t e  s t r u c t u r e
r e q u i r e s  t h e  e x p e r im e n ta l ly  m easured i n t e n s i t i e s  o f  a few s e l e c t e d
v i b r o n i c  bands o f  th e  a b s o r p t io n  system . We c o n s id e r  two v i b r o n i c
b a n d s ,  a and b,whose v i b r a t i o n a l  a ss ig n m e n ts  d i f f e r  f o r  on ly  t h e
i t h  sy m m e tr ic a l  mode o f  th e  e x c i t e d  s t a t e .  L e t ea  and be th e
peak m o le c u la r  e x t i n c t i o n  c o e f f i c i e n t s  o f  t h e  bands and a  and <j,a b
t h e i r  r e s p e c t i v e  f r e q u e n c i e s .  The a b s o r p t io n  i n t e n s i t y  i s  p r o p o r t i o n a l
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to  th e  sq u a re  of t h e  d ip o le  moment and can be e x p re s s e d  as
ea / o a
€b / o b V ^ b ’ 0)
T h is  i s  a  f o r m u la t io n  o f  th e  F ranck-C ondon p r i n c i p l e .  S ince  th e  i t h  
v i b r a t i o n a l  f req u e n cy  i s  known f o r  b o th  s t a t e s ,  t h e  r i g h t  s id e  o f  
E q .23-11  i s  a known f u n c t i o n  o f  d ^ . E q u a t io n s  s i m i l a r  t o  E q .23-11  f o r  
a l l  o f  t h e  d i f f e r e n t  t o t a l l y  sy m m e tr ic a l  v i b r a t i o n a l  f r e q u e n c i e s  
o b se rv ed  i n  th e  e x c i t e d  s t a t e  can be used  to  d e te rm in e  a  column 
m a t r ix  o f  th e  d^ w h ich  i s  e x p re s se d  a s  D. The t o t a l l y  sy m m etr ica l  
norm al c o o r d in a te s  q" o f  the  g round s t a t e ,  t h a t  i s ,  t h e  t r a n s f o r m a t io n  
R" = I / 'Q " , can be c a l c u l a t e d  from th e  s t r u c t u r e  and v i b r a t i o n a l  
f r e q u e n c i e s  o f  t h i s  s t a t e .  Having d e te rm in ed  q" and d^ , q^ can  be 
o b ta in e d  from  E q .2 2 -1 1 .  The c o o r d in a t e s  q^ a r e  an a p p ro x im a t io n  
t o  th e  e x c i t e d  s t a t e  norm al c o o rd in a te s ' .  To f in d  th e  change i n  th e  
s t r u c t u r e  o f  the  m o le c u le  in  te rm s o f  i n t e r n a l  c o o r d in a te s  r ^
E q .22-11  ex p re ssed  i n  m a t r ix  form i s  s u b s t i t u t e d * i n t o  E q .14-11 w r i t t e n  
f o r  t h e  ground s t a t e .  The r e s u l t  i s
R" = L " [Q /+D3 ------2 4 -XI
The e q u i l i b r i u m  c o n f i g u r a t i o n  o f  t h e  e x c i t e d  s t a t e  i s  o b ta in e d  by 
s e t t i n g  Qy = 0. T h u s ,  th e  s t r u c t u r e  o f  th e  e x c i t e d  s t a t e  r e l a t i v e  t o  
th e  known s t r u c t u r e  o f  th e  ground s t a t e  i s
R" a  L"D  25-11
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S in c e  th e  s ig n  o f each  elem ent o f  th e  column m a t r ix  D i s  u n de term ined , 
t h e r e  a re  2 s p o s s ib l e  e x c i t e d  s t a t e  models c o n s i s t e n t  w i th  the 
o bserved  i n t e n s i t i e s  where s i s  th e  number o f  t o t a l l y  sym m etrica l  
modes observed  i n  the  a b s o r p t io n  band.
d . Example
The method d e s c r ib e d  in  t h i s  ap p en d ix  has been used to  
d e te rm in e  th e  g e o m e t r ic a l  s t r u c t u r e  o f  th e  OCS m olecule  in  th e  *E+ 
e x c i t e d  s t a t e .  The v i b r a t i o n a l  a s s ig n m e n ts  a r e  l i s t e d  in  T ab le  XXVII 
a lo n g  w i th  th e  r a t i o  o f  i n t e n s i t i e s  a s  c a l c u l a t e d  from E q .23-11. The 
p a ra m e te rs  c o n s i s t e n t  w i th  the o b se rv ed  i n t e n s i t i e s ,  6 and E, as
o b ta in e d  from th e  i n t e g r a l s  o f  R e f . 7 a r e  l i s t e d  i n  th e  l a s t  two
% w u  hcolumns where 6 -  (vlVv.') and E = a d .  w i th  a  = (“ ) .i t  i  n
The normal modes ane* r 12^r 22 ^ ° r  Eround s t a t e
a r e  c a l c u l a t e d  u s in g  E q 's .9 - 1 1 ,  12 -1 1 , and 13-11 and n e g le c t i n g  the
f o r c e  c o n s ta n t  c ^ *  T h is  c a l c u l a t i o n  in v o lv e s  th e  f r e q u e n c ie s  and 
fo r c e  c o n s ta n t s  o f  the  ground s t a t e .  The t r a n s f o r m a t io n  L" r e l a t i n g  
th e  i n t e r n a l  c o o r d in a te s  r "  and r ^  t o  the  sym m etr ica l  normal c o o rd in a te s  
q" and q" i s  c a l c u l a t e d  by th e  use  o f  E q ' f l . 15-11 and 16-11. T h is  
t r a n s f o r m a t io n  p e rm its  th e  c a l c u l a t i o n  o f  th e  e x c i t e d  s t a t e  s t r u c t u r e .  
S u b s t i t u t i n g  d .  from T ab le  XXVII i n t o  E q .2 5 -1 1 , th e  q u a n t i t i e s  r^  and 
r ^  a r e  o b ta in e d .
1 +For th e  OCS m olecule  i n  th e  £  e x c i t e d  s t a t e ,  th e  c a l c u l a t e d  
bond le n g th s  a r e  1 .2 6  and 1.66S f o r  th e  0-C and C-S bonds, r e s p e c t i v e l y —
an in c r e a s e  from  th e  ground s t a t e  bond l e n g th s  o f  1 .16  and 1 .5 4 ^ ,
r e s p e c t i v e l y .
166
TABLE XXVII





Band b from E q .23-11 
e x p e r im e n ta l
from R e f .7 
c a l c u l a t e d
0 1 0.380 0 .384 2 .3 0
0 2 0.370 0.377 2 . 2 0
0 3 0.472 0.561 2 . 2 0
0 4 0 .513 0 .560 2 .4 0
1 2 0.973 0 .903 2 . 2 0
1 3 1.245 1 .344 2 . 2 0
2 3 1.279 1.351 2 .30
a v e ra g e  2 .2 6
8 =  1.1
E = a d .  where o t  = ( ~ )  i  n
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APPENDIX X II
F i g . 19: The E l e c t r o n i c  A b so rp tio n  Spectrum o£ K eter
i n  the  Vacuum U l t r a v i o l e t  Region
From R e f .93, "The A b so rp t io n  Spectrum  o f  K etene 
in  th e  F a r  U l t r a v i o l e t " ,  W.C. P r i c e ,  J .P .  Teegan , 
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APPENDIX iv::
F i g . 20; The E l e c t r o n i c  A b so rp t io n  S p e c tra  o f  
Cyanogen H a lid e s  (s c h e m a tic )
From R e f .104, "The U l t r a v i o l e t  A b so rp t io n  of 
Cyanogen H a l id e s " ,  G.W. King and A.W. R ichardson , 
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R e p r in t o f  R eference  5
E le c t r o n ic  S ta t e s  o f HNCO, C yanate S a l t s ,  and O rganic
Is o c y a n a te s .
I .  Lum inescence S tu d ie s
I I .  A b so rp tio n  S tu d ie s  
J.W . R a b a la is ,  J .R . McDonald and S .P . McGlynn,
J .  Chem. P h y s . . 51 ,̂ 5095-5111 (1 969).
Ucprinti'il frniu ‘!*iik JnrkN’AL «nf ("mkmicai. P h y s ic s , Vol. 51, Ko. 11. 50'>5-5U)J, 1 iHvcm bfr 10<»f>
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Electronic States of HNCO, Cyanate Salts, and Organic Isocyanates-1. 
Luminescence Studies*
J. \V. liAiiAL/ifK, J . R. M cDonald, a r u  S. P. McGly.vn 
Coales Chemical Laboratories, l.ouisiuiHi Stale University, Baton Rouge, to>iihinim LOSU.i
(Received 25 Tunc I960)
The pliospliureicence spectra and lifetimes of the cyanate salts of N a ’, K+, Cd!l', Ag*', lf(i5h, ami PbIf 
iiavc liccn measured. Similar measurements have been made on CHjNCO, CIIjCIIsNCO, C ilhN CO , anil 
UNCO. The results of these studies indicate th a t the lowcst-encrgy excited sta te  of the cyanate ion and 
the covalent isocyanates is of • (x)’ (x*)1 MO excitation type: This sta te  is *S+(Cu„) in NCO~,, A ’(C.)
in IINCO and the alkyl isocyanates, and LdifCi,) in phenyl isocyanate, fluorescence is oliscrvcd only 
from the phenyl isocyanate and is assumed to initiate in an excited sta le  which has dominant excitation 
amplitude on the phenyl moiety. Vibrational structure oliscrvcd in the  phosphorescence of NnOCN and 
C«HtNCO is analyzed, nnd similarities in the spectra arc pointed out. A heavy-atom spin-orliit coupling 
e le c t is observed in the cyanate salt series. Spin-orbit coupling calculations have been performed an NtJO”, 
linear and bent. A phosphorescence lifetime or ~ 0 .1 2  sec, in good agreement with experiment, is predicted 
for the TV,*—f'Prtransition.
INTRODUCTION
T he lowcst-cncrgy electronic-excited sta te  of simple 
polyatom ic inorganic anions has been jound1' 5 to  be* the
* This research was supported by contract liclween the United 
States Atomic I'.ncrgy Commission —Biology branch and the 
Louisiana Slate University.
1II- J . Maria, A. Walillmrg, and S. P. McGlvnn, J. Chem. Phys.
4 5 ,492S (1068).
*H. J .  Mnria, I). N. Srinivasan, and S. P. McGlynn, Proc. 
Intern. Conf. Molecular Luminescence, Loyola Univ. Chicago, 
1968, 787 (1969).
1 H. J . Maria, A. T . Armstrong, nnd S. P. McGlvnn, J . Chem. 
Phys. 48, 4694 (19681.
* H. J . Maria, A. T. Armstrong, and S, P. McGlynn, J . Chem. 
Phys. 50, 2777 (1969).
‘ J . R. McDonald, V, M. Rclu-rr, and S. P. McGlynn, J. Chem. 
Phys. 51. 172.1 (1969).
Ti triplet sta le . The present study, which follows along 
the same lines,I-r’ is concerned w ith the phosphorescence 
of HNCO, cyanate salts, and some organic isocyanates.
Phosphorescence in the near-ultraviolet and visible 
regions is a fairly general characteristic of polyatom ic 
ionorganic ions.2 Thus, the cyanate ion exhibits si 
distinct phosphorescence a t -—415 mp, This emission is 
relatively intense in the lighter m etal salts and  has a 
lifetime t> of the order of 10“* see. The vibrational 
slructure associated with this phosphorescence indicates 
th a t i t  originates in the NCO~ ion. T he organic iso­
cyanates also phosphoresce in the same region as N C O ' 
but with a  lifetime wh'ch is somewhat longer {i.e., 
r^cvl sec).










1‘ic, I. Phosphorescence emission nnd c.\c!lntion qieclra of 
NaOCN a t 77 K. 'Plic spectra arc idcnllcal in pnlycrystnlTinc 
samples, in frozen-water solutions, or in alcoholic glasses. The 
slitu’idth used in resolving the phosphorescence was 0.2ft non.
EXPERIMENTAL 
Instrumental Measurements
All measurem ent techniques were identical tu ones 
already described.®
Compounds and Solvents
Extensive precautions were taken in the preparation 
and purification of all compounds in order to ensure 
th a t the phosphorescence spectra and decay curves 
would be free from im purity  effects.
NaOCN and KOCN
Sodium cyanate (E . H. Sargent Com pany) and 
potassium cyanate (J. T . linker Com pany) were 
purified by five rccrystallizations from methanol -water 
mixtures. In the first two crystallizations, the solutions 
were allowed to begin precipitation and were then 
screened through milliporc filters designed to eliminate 
particles larger than 0,45 jr. In all crystallizations, only 
small am ounts of compound were claimed and precipita­
tion was allowed to progress slowly.
Cd(NCO)., Hg(NCO);, Pb(NCO),
T he cadium, mercuric, and lead cysmates were p re­
pared by mixing solutions containing stoichiom etric 
quantities of the metallic chloride and KOCN. T he 
precipitated metallic cyanate was washed with warm 
w ater, followed by acetone, and dried under vacuum . 
T he solubilities of the cadium, mercuric, and lead 
cyanatcs could be classified as slightly soluble, almost 
insoluble, and quite insoluble, respectively.
Ag(NCO)
Silver cyanate (Eastm an Com pany) was purified by 
dissolving it in a w ater-am m onia solution and allowing
it to  evaporate slowly for about three weeks. The large 
flat crystals which precipitated could be seen to  decom­
pose to  free silver in very short limes, even in the dark 
and  under vacuum . Identical absorption and emission 
spectra were observed from white freshly prepared 
samples and from samples which obviously contained 
free silver,
HNCO
Isocyanic acid was prepared6 by  allowing a  freshly 
prepared sa turated  solution of KOCN to tlrop slowly 
into 90%  phosphoric acid in vacuo. T he guscous products 
were condensed in a  77°K cold trap . The im purities— 
m ostly COj— were pumped olT a t  trap  tem peratures 
near — 4 0 ° t\  T he HNCO vapor samples were collected 
in sealed cells by  raising the trap  tem perature to
CHsCHjNCO, CHjNCO, and CeHsHCO
Ethyl-isocyanate (Aldrich Chemical Com pany) and 
methyl- and phenyl-isocyanate (OtL Chemical Com ­
pany) were treated  with 5 mole% of dim ethylaniline to 
remove hydrolyzable chlorides; they were then vacuum  
distilled. Since these cyanales react readily with water, 
all handling was done in a dry  box.
Solvents
E l’A (ether, isopentaue, and ethyl alcohol: 5 /5 /2  by 
volum c), mixed alcohol (m ethyl, ethyl, and propyl 
alcohols), and 3-m elhylpcntane were obtained, as the 
fluorimetric grade, from the H art man- -beddon Com pany 
and used w ithout further purification. T he water used 
had a  resistivity greater than I MSt/cm.
All purified compounds were stored in the dark  in  
vacuo until immediately prior to  use. Freshly prepared 
solutions were used in all spectroscopic m easurem ents.
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**J0 427 23 4t9
5462/4 1365
I'M 459 21 78ft
7005/5 1401
494 20 243 •
Average: 1339 cm"'
‘ 11. Krakow, It. C. Lord, .-mil <1. O. Neely, J . Mol. Spectry. 
27, 148 (1968).
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M atrices
Solutions in mixed alcoholic solvenl or in E l’A 
congealed to transparent glasses of good optical quality 
a t 77DK. These arc “ true solutions.”  “Frozen-waler 
solutions” rarely formed uniform glasses when cooled 
to 77°K; they contained regions of true solution inter­
spersed with regions of suspended solute micrucrysLal.s, 
The emission of pure polycrystalline samples or of the 
solute in an EPA  or mixed alcohol glass were identical.
EXPERIMENTAL RESULTS 
Emission Spectra
The phosphorescence of H NCO gas dissolved in a 
3-mcthylpcntanc glass at 77°K was observed. The 
emission centered a t ~ 4 3 0  mg and Lhe excitation 
centered a t  ~ 2 6 0  mp. However, since the emission was 
quite weak and since obvious polymerization hat! 
occurred in the solution prior to glassification, we made 
no attem pt to resolve these spectra further.
NaOCN, KOCN, and (’d (N C O )i are reasonably 
soluble in w ater and mixed alcohols and phosphorescence 
emission spectra of frozcn-walcr solutions, alcoholic 
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Fir.. 2. Phosphorescence emission and cxcitalinn spectra of 
some cyanate and  isocyanate salts a t  77°K. All spectra arc front 
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F lo , 3. Phosphorescence em ission anil cv c ita lin n  spcc lm  of 
C l ! ,I ICO a n d  C IL C Ih N C O  in El>.\ g lass a t  77 'K .
bedel cclcd. 1’hnsphorc.scuna: spectra, excitation spectra, 
anti phosphorescence lifetimes observed tinder these 
different conditions are identical.
Hg(NCO)i, Ag(NCO), and l ’b(NCO)-., however, 
tire quite insoluble in both water and in mixed alcohols; 
in these instances, it was dillicult to increase the solute 
emission level above the solvent background ami we 
have had to [dace reliance on Lhe emission of the pnly- 
crystalline materials.
The luminescence emission and excitation s|tcctra of 
NaOCN crystals at 77°K are shown in Fig. 1. The 
vibrational structure is analyzed in Table I; it is 
identical in frozen-water solutions, in alcoholic glasses, 
and in polycryslalltne samples. The weak peak al 
27 248 e n r '1 is assumed to be iheO 0 band of a progres­
sion with tin average spacing of 1339 cm"0. This prob­
ably corresponds to the grmind-sluLc symmetrical 
stretching frequency7 of NaOCN, which is 1305 cm l,
The phosphorescence and exciLation spectra of 
KOCN, Cd(N CO )s, Ag(NCO), llg (N C O ),, and 
i*b(NCO)* arc shown in Fig. 2. None of these spectra 
shows vibrational structuring. The maxima are collected 
in Table HI. The maxima [or NaOCN, KOCN, and 
Cd(NCO)» occur a t approximately identical wave­
lengths whereas those of Ag(NCO), l[g(NOO)«, and 
l ’b(NCO)* are increasingly red-shifted. This red shift 
is readily rationalized as follows: liy  observing the 
w ater solubility of these salts, we conclude that the 
covalcney of these compounds increases in the orderr
Nat ICN'-'KOC.V <  ( 'd (X< O) s < Ag(NC< >)
< l[g (N C O ): < l ‘b(N l?0)j.
Covalent com|)ounds involving the N C O " group are
7T . L\ Wnililingt.ni, J . Client. Kite. 1959, 2409.




28 0 30  0  320 3 4 0  3 6 0  380 4 0 0  4 2 0  4 4 0  4 60 480 5 0 0
[■'10.4 . Total emission spcctnl of phenyl 
isocyanate in E l’A jjtass a t 77°K. The 
slilwidlh Used in rcsnlvinn these spectra 
was 0.26 mm.
W a v e l e n g t h  (m /j.)
more stable in the N-bonded (isocyanale) form .8 T hus 
the red shift is attributed to an increase in the covalency 
nf these sails or, more specifically, to an increase in the 
covalent isocyanate character relative to the ionic 
character.
The phosphorescence and excitation spectra nf 
CHjNCO and CH,CHsNCO arc shown in Fig. 3; they 
arc identical and neither compound exhibits any 
vibrational structure. These spectra were obtained from 
dilute solutions in ERA glass.
Neither the cyanate salts nor the two alkyl isocynates 
studied had any detectable fluorescence. If these 
compounds do fluoresce, their intensities are a t least one 
order of magnitude less than tha t of the phospho­
rescences.
The total emission spectrum  of phenyl isocyanate is 
shown in Fig. 4. The vibrational structure of this 
phosphorescence is analyzed in Table If. The 0 ,0  band 
a t  27 435 cm-1 is the origin for a progression w ith 
1615 cm "1. Another progression of 1445 cm"1 is observed 
whose origin is displaced 1119 cm"1 from the (1,0 band. 
The 1615-cm"1 mode corresponds to the sym m etric 
stretching fundamental in the ground stale” which is 
productive of the Raman band a t 1596 cm"1 and  the 
infrared-active band a t  1588 cm "1. The 1119-cm-1 
probably corresponds to the phenyl isocyanate 
vibration8 of 1125 cm"1. The second progression in the 
1445-cm"1 mode corresponds to  the at fundamental 
(symmetric -N C O  stretch) whose wavenumber is 
1443 cm-1 in the Raman (or 1448 cm"1 in the in frared)”; 
this progression is probably vibronically induced.
1 For this reason the sodium and potassium salts arc written 
as normal cynnatcs whereas the heavier metal sails arc written 
as isocyanates—the intermediate cases existing as partially ionic 
and partially covalent entities. The covalent salts arc of the 
iso-linkage. Indeed, cyanic acid is unkown, hut isocyanic acid is 
quite common.
*C. V. Stephenson, W. C. Cobum, Jr., and W. S. Wilcox,
Spectrochim. Acta 17, 933 (1961).
The maximum in the phosphorescence spectra of 
CHjNCO and CHjCH.NCO is red-shifted relative to 
that of phenyl isocyanate. Since the -N C O  group is a 
Ittminoplioric group, it is dillicult Lo understand why 
emission from CcIf..NCO should occur a t higher energies 
than that of the alkyl isocyanates. This point will be 
explained later using quantum-chemical considerations. 
However, we do wish to note tha t sim ilar elTecIs are 
observed in the phosphorescences of benzoic acid and 
formic acid.10
T aih.k IL  Vibrational structure" in the phosphorescence of phenyl 
isocyanale in El’A at 77°K.
l’ro- I’ro-
gTCssiiirt gression
A U X(A ) v (cm-1)
v * -------------------------3645 27 4 3 5 ,.................
00 ' i  1119 V
u f  3800 26 316;'' - j  , t | 6 2 2 )




J * ----------4020 24 87 6 '' Jt 2 11611 1
10 \  . t
.................................... .4130 24
« £ .............4270 23 4 I9 /' ) 3(16.2)
„   4425 22 5 9 9 .................. /
30
■T in ; v ib ra t io n a l  a n a l y s t  a s  uivi/u  h e re  s lu m s  incjirtM siinH  o f lf r l$  
m ii '■ iim l 1445 cm***, th e  l a t t e r  o f  w h irli U < lhi> lnrrd  b y  11 tv  c u r 1 from  th e  
iiriiim  um l i.* a ^ n m c il  t o  b e  v lk ro iilm lly  h i i l ia r d .  iM ivm aU ’ly . th e  
f u n  I nr vrnvutlprcil us th r e e  v ib ra t io n a l  |H ii«resdoii-i n f  f rr ii i irn c y  I I J ‘1. 
1445. uiul IA15 r u i  l l ic  b ro a d  t tfa k  a t  -HH► iti^i Ib 'te . 4 )  ln’iiii; ipi-wmi'd to  
rr.Milvr in to  tw o  .■ci|1it**ak*» T l i ts c  tw o  hciiL* w ould  th r u  Ik* h itcnui'tc*it a s
J  XI I I V  a n d  11 I d 1-14-15 m i " 1 u v itrtm w  a n d    U m «K  n--
sjK Ttivcly.
10 H. J. Marta and L  W. Johnson (unpublished work).
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T a b le  III . Phosphorescence lifetimes and maxima of the excitation and phosphorescence spectra of 
cyanate salts, HNCO, and some organic isocyantcs.
Excitation Phosphorescence 
maximum maximum
Compound M atrii (nig) (mji) t ,  (sec)
NaOCN Polycrystallinc 248 406 0.21
Alcoholic glass 248 406 0.16
Frazcn-watcr soln. 245 406 0.17
KOCN Polycrystallinc 285 425 0.37(59% ) am l4,7X tO -*(4t% )
Alcoholic glass 280 424 . . .
Frozen-water soln. 283 424 0.35(67% ) and 5.5X 10^(33% )
Cd(NCO), Polycrystallinc 280 425 0.16(70% ) nniI2.2XI0-*(30% )
Ag(NCO) Polycryslallinc 285 440 . . .
Hb(NCO), Polycrystolline 355 460 —3X10->
Pb(NCO), Polycrystalline 363 490 ~7XI0~«
CHjNCO E l’A glass 277 418 2.05
CHjCIIjNCO E PA glass 277 420 1.74
CdbNCO EPA glass 285 387 3.15
HNCO 3-Mclhylpcntanc glass 260 430 . . .
The fluorescence of phenyl isocyanate exhibits no 
vibrational structure (within our resolution limits) 
w ith the exception of a probable 0 ,0  band tit '--’286(1 X 
whicli corresponds to the 0, 0 bant) observed in absorp­
tion11 tit '--'2830 A. Since no fluorescence has been ob­
served from the cyanate stilts or alkyl isocyanates, we 
conclude that the phenyl moiety is responsible for the 
fluorescence of phenyl isocyanate. Indeed, quantinii- 
mechanical calculations show that the wavefmiclitm 
for the first excited singlet stale (the fluorescent slate) 
has a  node through the -NCO  group and thus has only 
phenyl character.
Excitation Spectra
The excitation spcclra^vere recorded by monitoring 
the excitation wavelength while the emission mono­
chromator was fixed on"the phosphorescence intensity 
maximum. The maxima in the excitation spectra 
coincide with the edge of the So—*7’i absorption in most 
of the compounds; however, the absorption spectra do 
appear to differ from the excitation spectra. These 
differences are expected and tire attribu ted  to the 
following: T he excitation spectra were obtained with an 
Osram xenon XUO 150-W lamp and are uncorrected 
for variances in lamp output. The intensity of the 
xenon lamp decreases rapidly below 250 ntfi, thus 
causing the excitation spectra to inevitably drop off in 
this region. Correcting these spectra for lamp output is 
not feasible because this requires the preparation of 
samples of known absorptivity or concentrations. Most 
of the samples are insoluble in solvents which form good
11 (a) S. 1*. McGlynn, T . As.umi, ami M. Kasha, J. Chem. Pip’s. 
40, 507 (1964). (b) V. Kamakrishnan, R. Sunscri, anil S. I'. 
McGlynn, J. Chem. Phys. 45, 1305 (1960). (c) S. P. McGlynn, 
J. Daigre, and K. J . Smith, J . Chem. Phys. 39, 675 (1963).
glasses a t 77°K, making it necessary to use crystalline 
samples in which the absorptivity or concentration is 
not known.
The fact that the excitation spectra did not match 
with the absorpLion spectra induced us to investigate the 
alkyl- and arylisocyanales. The similarities between the 
emission and excitation spectra of the inorganic and 
organic isocyanates gives additional confidence in our 
assignments.
Phosphorescence Lifetimes
The mean phosphorescence lifetimes of the compounds 
discussed above are presented in 'Fable Iff . The life­
times of NaOCN and KOCN are not dcpcndcnL on the 
matrix; in other words, they are more or less the same 
in the polycrystallinc salt, in frozen-water solution, or 
in mixed alcohol gltuss. Hecause of low solubilities and 
solvent-background decay, lifetimes for the other salts 
arc reliable only in the polycryst til line samples. 'I’he 
lifetimes of the organic isocyanates were obtained in an 
KPA gltiss. T he lifetime nf Ag(NCO) is not reported 
because its inherent weakness made elimination of 
background decay impossible.
Five observations result from the decav d a ta  of 
Tabic III:
(a) The lifetimes of NaOCN, KOCN, Cd(NCO)*, 
nnd the organic isocyanates tire loo long to be typical of 
cither *■*—■<>n or u*—*r phosphorescences. They pertain, 
almost certainly, to ir*—nr  molecular orbital type 
luminescences.
(b) A “ heavy-alom effect” is exhibited11 by the 
luminescence of the sails. The lifetimes decrease as the 
atomic num ber of the associated metal cations increase. 
I t  is assumed tha t ibis is caused by enhanced spin-orbit 
coupling.
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(c) W ith the exception of K O CN  and Cd(N C O )i, 
alt lifetime curves are either exponential or closely so. 
KOCN and C d(N C O )j luminescences exhibit two 
lifetime components, T he existence of these two com­
ponents is not readily interpreted, b u t m ay be a t­
tributed  to  ionic and covalent em itting entities.
(d ) T he lifetime of CHjNCO is slightly longer than  
th a t of CHaCHjNCO, in agreem ent with expectations11 
for highly alkylated molecules.
(e) T he lifetime of phenyl isocyanate is longer than 
any of the other isocyanates. T h is is a ttribu ted  to  the 
following: First, there is no alkyl group present as in the 
other isocyanates; alkyl groups tend to  shorten life­
times11 because they induce larger I'ranck-C ondon 
factors, Second, the vibrational structure of Lhe phos­
phorescence indicates Lhat the phenyl ring as well as 
the -N C O  group is involved in the emission act. In 
other words, the term inal- and initial-state wave- 
funclions in the emissive ac t span the whole molecule 
and the weak spin-orbit coupling experienced in the 
phenyl moiety is reflected in the longer lifetime of the 
phenyl isocyanate.
QUANTUM-CHEMICAL CONSIDERATIONS
A M ullikcn-W olfsbcrg-Holmholz (M W H ) calcula­
tion sim ilar to  th a t of M cDonald el alJ‘ was performed 
on the  NCO-  ion. The d e m e n ti double-zeta11 represen­
ta tion  for AO’s was employed using the 2r, 2fix, 2[>v, and 
2/>, AO's on the N , C, and O atom s as the basis atom ic 
orbital set. The com putation was processed to  charge 
self-consistency and a  set of molecular orbitals was 
obtained; these were disposed energetically' in a  manner 
identical to  lh a t for the NCS~ ion (see Fig. 5 of Ref. 5). 
T he im portant result which emerges is th a t the lowest- 
energy' transition is predicted to occur from a  doubly 
degenerate se t of *■ M O ’s to  a  doubly degenerate set of 
7t* M O’s and to be located a t  ~ 2 8 5  m/i. T h e  equilibrium 
ground s ta le  of N CO -  and -N C O  of covalent isocyanate 
moeculcs is predicted to  be linear, whereas the equilib­
rium  excited s ta le  is predicted14,15 to  be bent w ith an 
*NCO angle of ^ 1 2 9 ° . Since absorption involves the 
linear NCO -  configuration and since emission should 
involve the ben t NCO -  configuration, a  considerable 
Stokes shift between the ZY—>Sa emissive event and the 
TV—.Si) absorptive event is expected and is observed. 
Franck-C ondon forbiddenncss of origins is expected 
(w ith very little  0 ,0  in tensity  observable), which is, 
indeed, the case in Figs. 1-3.
V ESCF and  configuration-inlcraclion calculations 
have been perform ed on these molecules.11 All electronic
. 11 J. W. Rabalais, H. J . Maria, and S, 1*. McGlynn, J, Chem. 
l’hys. SI, 2259 (1969).
“ E . Clemen If, IB M  Research Paper R-J-256, 6 Septemlier 
1963.
11R. N . Dixon and G. H. Kirby, Trans. Faraday Soc. 64, 2002 
(1968).
u  R. S. Mullikcn, Can J . Chem. 36, 10 (1958).
■*J. W. Rabalais, J. K. McDonald, and S. P. McGlynn, J. 
Chem. Phys. 51,5103 (1969), following article.
sta tes resulting from t —+ir* MO excitations were cal­
culated and the lowest <r—+x* states estim ated from MO 
com putations.
The results of these calculations on NCO -  show th a t 
the first excited singlet sta te  is 12F" and the first trip let 
s ta te  is 12 +. Similar com putations on HN CO  (linear 
-N C O ) and  HNCO (-N C O  ang!e= 129°) indicate tha t 
the first excited singlet sta te  is lA "  (correlating with 
the :E- ) and the first trip le t s ta le  is %A '  (correlating 
w ith the *E+) .  These iA "  and 3.1 ' sta tes are predicted 
to  be a t  ~ 5 .9 5  and ~ 2 .1 1  eV, respectively, in lhe case 
of the linear -N C O  and ~ 3 .2 6  and 'M ).42eV , respec­
tively, in the bent -N C O . These results are applicable 
to  NCO-  and the alkyl isocyanates also. Although the 
energies of the triplet sla tes are too low ami the change 
in energy upon bending is certainly exaggerated, the 
results do  indicate th a t the first excited singlet and 
triplet s ta tes are indeed lowered energetically' upon 
bending the -N C O  group.
Com putations on CjHjNCO indicate th a t the first 
excited singlet sta te  is lHi whereas the first trip let s ta te  
is L4 j; these are predicted to  be a t  ~ 4 .5 8  and ~ 1 .92 eV, 
respectively. The large am ount of conjugation between 
the phenyl ring and the -N C O  group indicates th a t the 
first excited stales arc not bent; lha t is, the molecule 
retains its C j, symimetry in the lower-energy excited 
states.
We now direct atten tion  to  the fac t lhaL the phos­
phorescence maxima of CHjNCO and CHjCHjNCO are 
a t lower energy than th a t  of phenyl isocy'anate. The 
phosphorescence spectrum  of C*HjNCO shows a strong 
0 ,0  band, indicating th a t the geom etry of this molecule 
(C3.) is sim ilar in Lhe ground and trip le t sta te . This is 
also borne ou t by quantum-chem ical calculations.111 
T he phosphorescence spectra of CHjNCO and CHjCH*- 
NCO have a  forbidden origin indicating th a t the 
excited s ta le  is strongly bent while the  ground s ta te  is
T aui.t. IV. Spin-urbil coupling in linear NCO . [T h e ‘s 1*—*ST 
transition is composed of Lhe two configurations indicated. The 




Configuration o|)crntor M , »Tt
'X , 0 .0 0 .0 0 .0
ir,—•*»* X , 2.2HX10-1 0 .0 0.0
.1C, 0 .0 0 .0 0 .0
.1C, 0 .0 -2 .2 8 X 1 0 -1 0 .0
■Hr O.t) 0 .0 0 .0
fIC, 0 .0 0 .0 0 .0
2.2HX10r* -2 .2 8 X 1 0 - ' 0 .0
M*= i (M » „ .„ /+ M * ,#^ ,* )
r = 0 . 13 sec
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T able V. Spin-orbit coupling in two states ot bent NCO" (129“). [The molecule is in the (*, y) plane with 





M , i f . J f .
*A ' 1—*T* 0CM 0 .0 0.0 3.416X10-'
X , 0.0 0 .0 -5 .845X IU - '
X . 0 .0 0 .0 0.0
M 0.0 0.0 —2.429X10-1
/ 1.78X10"*
t (sec) 0.11
ff—+*■* •1C, 0 .0 0.0 -2.231X 10-*
,tc, 0 .0 0 .0 3.400X 10-'
■TC, -2.020X 10-* !.2I7X 10-J 0 .0
M -2 .0 2 0 X IO -1 1,217X1(4"* 3.177X10-'
/ 1.238X10-* 4.46X10-* 3.04X 10-'
t  (sec) 0.16 0.0(M4 0.064
linear. Indeed, quantum-chcniica) calculations'1 show 
that the first trip let sta te  of alkyl isocyanates can 
obtain a much lower energy by bending. Therefore, the 
maximum in the alkyl isocyanates is red-shifted with 
respect to th a t of phenyl isocynate because of the greater 
Tranck-Condon forbidden ness of the origin in the 
former case. The origins (i.e., presumed 0 ,0  bands) of 
the phosphorescence of both types of molecule arc very 
nearly of equal energy.
We will now consider the triplet-state emissive life­
times. McDonald el of.6 have shown tha t the first 
triplet s ta te  of NCS"'(,2 +) can obtain an (x, y) 
allowedness by spin-orbit coupling with a nominal 'II 
s ta te  and tha t the intrinsic emissive lifetime should be 
of the order of I sec. Numerical calculations of the 
phosphorescence lifetime of th e J2 + sta te  of NCO-  have 
been performed as follows: Transition moments, both 
S a—+Sj and were calculated after transforma­
tion of all MO’s to  a Lbwdin basis; the procedure 
followed has been described by Cusachs and Trus.1T 
One-center sp in-orbit coupling calculations were then 
performed as described by Carroll el al.18 Thus, the AO 
basis set consisted of 12 orbitals or, in term s of Slater 
functions, 24 Slater functions. This resulted in 12 
M O ’s, Or and 6<r. All possible excited, configurations 
resulting from these M O’s, namely 33, were considered 
and the spin-orbit and transition-monicnt com puta­
tions were performed for all possible spin-allowed 
transitions and all possible spin-orbit mixings.
Since the *S+ sta te  of NCO-  is bent, calculations 
were performed on both linear NCO-  and  bentN C O -  
(129°); the results of these com putations are presented
” 1,.C .C u sach 3 an d B .L .T ru s ,J . Chem. Phys.4d, 1532 (1967). 
161). G. Carroll, L. G. VanquickcnlHimc, ami S. P. McGlynn, 
J . Chem Phys. 45,2777 (1966).
in Tables IV and V. The results for lhe 12)1- and ’.I 
stales, which arise from x—*ir* MO excitations, indicate 
th a t the phosphorescence lifetime of linear NCO ’ anil 
bent NCO - are approximately the same, —-0.12 sec, 
with the phosphorescence from linear NCO" being 
polarized perpendicular to the molecular axis while that 
of ben t N C O - is polarized perpendicular to  the molec­
ular plane. Thus, the phosphorescence lifetime is not 
much effected by lowering the sym m etry of the first 
triplet sta te from s21+ (C mT) to 3A ' (C ,).
Similar calculations were performed <m the 3.-I" 
s ta te  of bent NCO-  which arises from a  v—*ir* MO 
excitation. The results, shown in Table V, incidate that 
the phosphorescence has components of all three polar­
izations with the lowest component being several 
milliseconds. Thus, this calculation is additional 
evidence th a t the first triplet sta te of N C O - must be 
n rM 'fC ,)  arising from a 7r-*ir* MO excita­
tion.
DISCUSSION
The results nf our experimental work reveal th a t the 
-N C O  moiety is luminophoric. This is concluded from 
the following observations:
(a) The phosphorescence from cyanate salts is 
exhibited by polycrystalline samples and true solution 
phases. Thus, the luminescence is not of a solid-stale 
defect nature.
(b) T hat the emission arises from a chemical 
contam inant is highly unlikely since it has been ob­
served in cyanate salts, organic isocyanates, and 
HNCO. These compounds have originated from 
different source m aterials and have undergone ex­
tensive and different purification procedures.
(c) The emission from alkyl isocyanates - is a t
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approximately the same” wavelength as the cyanate • 
salts indicating tha t the -NCO  entity  is responsible"for 
this emission,
(d) Emission has been observed from HNCO a t 
approximately the same wavelength as the alkyl 
isocyanates and cyanate salts,
(e) The single vibrational progression observed in 
the emission of NaOCN agrees with the symmetrical 
ground-stale stretching frequency of NCO- .
(f) The emission from phenyl isocyanate is shifted 
from th a t of benzene to approximately the same wave­
length as the alkyl isocyanates and the cyanates salts 
indicating th a t the -NCO entity  is participating, along 
with the phenyl ring, in the emission process. The 
vibrational analysis shows two progressions which are 
readily matched with ground-state frequencies of 
CbHjNCO. One of these corresponds to a symmetric 
ring stretching frequency and (he other to a symmetric 
-N C O  stretching frequency. The latter progression 
has the same band shape and contour as the progression 
observed iti the NaOCN emission.
T he em itting sta te  in these compounds must be a 
triplet sta te for the following reasons:
(a) The lifetimes observed are much too Jong to be 
fluorescence lifetimes; therefore, they must be intrinsic 
molecular phosphorescence from a triplet state.
(b) The lifetimes decrease as the atomic number of 
the associated metal cation increases. This is a "hcavy- 
alom spin-orbit coupling effect” which is common in 
molecular phosphorescence.
(c) VESCE and configuratioii-inleraction calcula­
tions11 show th a t the lowest excited electronic sta te  of 
all the molecules is a triplet state.
The assignment of the lowest triplet sta te of all these 
molecules has been made by means of the conliguration- 
inleraction calculations."1 The phosphorescence is 
assigned as a * ‘S+ transition in NCO"", a.3A '—* 'A ' 
transition in bent NCO, HNCO, and the alkyl iso­
cyanates, and a M > M i  transition in phenyl isocyantc. 
Since the first triplet sta le  of NCO" is predicted to  be 
bent, the phosphorescence can be labeled as 3A '(C t )—> 
li +(CmP). Spin-orbit coupling calculations on the J2 + 
sta te of linear NCO-  and the 3, l '  sta te of bent NCO-  
prediut a lifetime of ~ 0.12 see, ill good agreement with 
experiment. Similar com putations on the s ta le  of 
bent NCO" predict a lifetime of several milliseconds, 
thus verifying tha t the phosphorescence m ust be 
tt—vir* type and not MO type.
Fluorescence has been observed only from the 
phenyl isocyanale. We attribu te this tluorcsccncc to the 
phenyl moiety since the wavefunction of the first 
singlet sta te 'Hi has a node through the -N C O  entity  
and, thus,- contains only phenyl character. The wave- 
funclion of the 5.'li state, however, has ~ 2 2 %  -N C O  
character in it.
The phosphorescence maxima of the cyanate salts 
undergoes a red shift as the atomic number of the 
associated metal cation increases. This red shift parallels 
the increase in covalency of these sails. Thus, the red 
shift is a ttributed to a  heavier metal cation anil a more 
covalent salt. These covalent salts are most assuredly of 
(he isocyanale type linkage as discussed earlier.
I t  has been shown lhat the lirst triplet sta te  of phenyl 
isocyanate, alkyl isocyanates, and cyanate salts arc at 
approximately the same energy with the maxima 
appearing a t  different wavelengths due to E ranck- 
Condnn forbiddance of the origins.
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Electronic States of HNCO, Cyanate Salts, and Organic Isocyanates. H. 
Absorption Studies*
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The absorption spectra of IINCO, CHjNCO, CILCHtNCO, CjlltNCO, and cyanate salts <i[ Na+, R+, 
Cd:+, Hf-I+, and Pb*+ have been determined in the near-ultraviolet region. Those of NaOCN and 
CHjCH,NCO have also been measured in the vacuum-ultraviolet region. The energy ordering of the oliscrvcd 
electronic states of NCO” (C<») is < lA < II I < ,- +. A heavy-ntom spin-orhit couplinj; effect is
observed in theOi*—du* transition of the cyanate salts. Tire electronic states observed in CIf,CH,NCO (Ct ) 
are correlated with those of NCO-  and are discussed in terms of a C, perturbation superposed an a  zero- 
order C„, Hamiltonian, Continuous absorption nf a p re dissociative nature underlies the absorption spectrum 
of CHjCir.NCO in the vacuum uv. Molecular orbital and confipumtion-intcraclion calculations have been 
performed for IfNCO, NCO- , and phenyl isocyanate. The results are correlated with esperimcntri] data.
INTRODUCTION
'['he luminescence spectra of it varie ty  of ionic and 
nnninnic cyanatcs and isocyanates have been reported1 
in Paper I. This present effort is concerned with the 
absorption spectroscopy of these same materials. Since 
very lit tie electronic spectroscopic work has been 
reported1-1 for these types of molecules, this work will 
a ttem pt assignment of all observed molecular electronic 
transitions in the near- and vacuum -ultraviolet regions.
The NCO-  ion belongs to an im portant class of 
molecules which contain 16 valence electrons8-1; among 
Ahese arc found the linear ABj molecules such as CO,, 
CS,, etc., and the linear ABC molecules such its COS, 
N C S -, etc. The electronic absorption spectroscopy of 
these molecules is expected in be dominated by excita­
tions of v —*Tr* MO type yielding l,3A, and 1,s- '  
slates (in C„,,)—and an excitation of <r—»jr* MO type— 
yielding , -3U slates (in C„»). Furtherm ore, these states 
may very well cover a 10 eV or greater energy range. 
T he HNCO molecule, which is p lanar, and the alkyl 
isocyanates, which are primitively planar, differ from 
the NCO-  ion in tha t the off-axis perturbation supplied 
by the H  atom or the alkyl groups can be expected to 
remove all degeneracies existing in the C „ . ion; on the 
other hand, since this C, perturbation  is relatively 
small, one expects partial persistence of the widely- 
spread grouping of states characteristic of the ion. Based 
on this attitude , the electronic states of RNCO or 
H NCO molecules may be correlated w ith those of NCO-  
and such correlation can provide unique sta te  identifica­
tions which are based solely on the spectroscopic
* This work was supported by a research contract between the 
U.S. Atomic Energy Commission—Biology Branch and the 
Louisiana S tate University.
’ J. W. Rabalais, J . R. McDonald, and S, P. McGlynn, J. Chem. 
Phys. 51,5095 (1969), preceding article.
1 R. N. Dixon and G. H. Kirby, Trans. Faraday Soc. 64, 2002 
(1968).
* S. C. Woo and T . K. Liu. J. Chem. Phys. 3 ,544  (1935).
* G. Hcrzbcrg and C. Rcul, Discussions Faraday Soc. 9 , 92 
(1950).
* J, Boulieau, llcr. 68,895,912 (1935).
* R. S. Mulliken, Can. J. Chem. 36. 10 (1958).
» A. O. Walsh, J . Chem. Soc. 1953, 2266.
changes which occur as the 16-clectnin system reverts 
from Cm,  to C, symm etry.
The NCO grouping in the ground states nf all 
molecules or ions considered is linear and of local C „ , 
symmetry. The hydrogen atom or alkyl group of 
molecules such as HNCO or OH,NCO lie off the NCO 
C o, axis, yielding, in all instances, a molecule of C, or 
lower symmetry. On the other hand, the ground sta te  
of phenyl isocyanate is assumed in this work to be nf 
C ,, symmetry, the phenyl group and the NCO group 
being coaxial. M any of the excited sta tes of the NCO 
grouping may he ben t and of local C, sym m etry.
EXPERIMENTAL
Absorpliuu spectra were recorded on C ary hi and 15 
and McPherson 225 (1-in) spectrophotomers. Ab­
sorption pathlungths ranged from 0.1 to  10 cm. All 
chemicals and solutions used were freshly prepared; all 
very- concentrated solutions were screened through 
millipore fdters (0.45 yt or less) prior to all measure­
ments.
The source and purification of all compounds, save 
Argon, has already been described.1-* Argon (M athcson 
Co. "zero-grade” ) was user! as received. Solutions of 
HNCO in argon were prepared by  simultaneous slow 
diffusion of molecular beams nf HNCO and Ar onto a  
20°K surface.
EXPERIMENTAL RESULTS 
Cyanate and Isocyanate Salts
The near-ultraviolet absorption spectra of a  number 
of (iso)cyanate entities are shown in Fig. 1. The a b ­
solute intensities shown for P b(N C O ), and H g(N C O ), 
are subject to  some error because of the low solubilities 
of these m aterials—a  facet which also precluded 
measurements a t  very  low extinctions. T he spectrum  
of Ag(NCO), which appears to he essentially"the Bume 
as th a t of Cd(NCO)*, is not included in Fig. 1 because 
of its  rapid decomposition.
* J. R, McDonald, V. M. Schcrr, and S. P. McGlynn, J. Chem. 
Phys. 51, 1723 (1969).
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Fin. I, The ncnr-uliravinlcl alisnmtinn spectra nf various 
c.vnnnlc sails, IINCO, anil CHjCHiNCO. The cyanate sails are 
in water snlutiun and arc identified in the diagram. The HNCO 
liascous ahsorjiliiin is shown with a smooth curve drawn through 
the weak vihratjonal structure. The absorption spectrum shown 
for HN't’O isolated in a  matrix of At a t 201,k  has licen normalized 
to that of gaseous HNCO. The s[>eclruni shown for CiHiNCO 
refers In the gaseous state.
The low-inlensity transition which extends front 
'--•255 m/i to the long-wavelenglh limit of the measure­
m ents is assigned as the spin-forbidden JS+«—'S 4- 
transition. Experimental data relevant to this absorp­
tion region arc given in Tabic I, whence it may be seen 
th a t the oscillator strength  increases and the lifetime of 
the reverse (i.e., emissive) process decreases as the 
atomic number of the associated m etal cation increases. 
This, of course, is the spin-orbit coupling effect noted1 
experimentally for phosphorescence lifetimes in Paper 1 
where identical trends were observed. T he calculated 
lifetimes of Table I ,  however, arc approximately one 
order of magnitude less than those observed experi­
mentally. We do not find this discrepancy too disturbing 
for the following reasons;
(i) The absorption act involves the linear NCO - ion
whereas phosphorescence undoubtedly1 connects the 7\
sta te  of bent NCO-  with the corresponding Fronck-
Condon So s ta te  of the sam e entity.
(ii) The t p calculated from absorption d a ta  refers to
aqueous solution a t  room tem perature whereas the
experimental lifetime refers to  fror.cn solutions or 
crystals a t 77“K.
(iii) The r p calculated from absorpLitin d a ta  involves 
considerable uncertainty caused by the inherent 
weakness of this absorption region, (he low solubilities 
of m any of the salts investigated, and the fact th a t the 
absorptionshoulder occursasa rather ill-defined “bum p” 
on the low-energy side of the spin-allowed 'L1-*—1' - + 
transition.
(iv) The *S“<— + transition is expected' to obtrude 
in to  this same absorption region and to be more intense 
than the excitation. Thus, it is possible th a t
the  experimental absorption data  also include some 
p art of the >2 + absorption region whereas phos­
phorescence lifetimes are uniquely ’S 4-—
The broad band in the region 1 <>0-205 mg is common 
to all salts and is assigned as the '1- t r a n s i t i o n ,  ft 
corresponds to the rod-shifted shoulder observable 
(see Fig, 1) in the gas-phasc spectra of the covalent 
isocyanates. The I 'b fN l’O)* salt exhibits behavior 
which is somewhat different from th a t of the other ionic 
materials: IL possesses intense absorption (t-^'>400) a t 
longer wavelengths (Xm«^-'208 nig) and displays an 
absorption shoulder a t N~--240 mg. Similar features arc 
also present in the Hg(NC.*0)j spectrum. We note lha t 
this effect is nnl uncommon; Lead salts of other acids 
exhibit spectra which are distinctly different from the 
corresponding lighter m etal salts. We assume that these 
unusual features of some of the heavier metal salts are 
associated with the presence of aniim—‘metal or union—‘ 
“ metal-solvent-complex” charge-transfer transitions.
The absorption spectrum  at 77°K of a  thin film uf 
NaOCN deposited on an optical lint of LiF is shown in 
Fig. 2. This spectrum exhibits a transition centered at 
'-*■55 tNK) cm-1. We assume that this transition correlates 
w ith the rising alisorptivity evident a t the short- 
wavelenglh limit of Fig. I. We assign this absorption as 
the forbidden transition w ith <= 1190 in
NaOCN . Two other higher-energy transitions arc also 
evident in (he spectrum of Fig. 2. We assign these as the
T aio.k I. Experimental extinction cneflieictils mid calculated 
oscillator strengths and lifetimes for the >2+<— transition.
>mat
(nw) Xnall** /'■ Tr (secl°
NaOCN .too 0.0038 1.3X1 O'1 l.O x K T 1
KOCN .TOO 0.00.T4 I.2X10-* l .tX ttT *
Cd(NCO)- 295 0.027 9 .5 X I0 -7 1.4X10-*
H K(NCO), 285 0.028 9.8X10-* l.JX K T *
Pl.fNCO), 300 0.27 9.5X10"* 1 .4X 10^
*  K xltncticm * w ere 1»y <titttriu'lltm mil lIm* a lw u j t l iv l iy  tlm*
to  (lift t ra n s it io n .
*' O s r lt ta to r  s lrcn k tli*  w e ir  I 'n lt 'uh ili'il n -lu i: tin- ;» innm hin itlim H
"  C u U tih ttc d  f ro m  th e  r q u a l i tm
MM/).
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allowed 'n « - lS+ (at 68 000 cm "1, 6=5310) and ‘S+« -  
•S+ (a t 74 000 cm-1, 6=5730) transitions. Continuous 
absorption (or scatter) sets in below 130ft A.
Isocyanic Acid
The absorption spectrum  of HNCO gas obtained in 
this work was identical to th a t of Dixon and Kirby.1 
The HNCO spectrum—a smooth curve being drawn 
through the very weak superimposed vibrational 
structure—is shown in Fig. 1. The short-wavelength 
limit of this spectrum (~ 2 0 4  mg) is determined by the 
onset of rapid ultraviolet-induced polymerisation. The 
absorption spectrum of HNCO in an Argon matrix at 
20°K did not show these polymerization effects and was 
completely reproducible. This spectrum , unrclouchcd, is 
shown in Fig. 1. I t  exhibits no vibrational structure. 
The h4"*—b l ' transition (a t - " 210m#i, e~60) of 
HNCO correlates with the forbidden >2~«—'2+ transi­
tion of NCO". The shoulder of the M"«—M ' transi­
tion—one of the components of the split ‘A*—'i ’+ 
absorption band of NCO— is observed a t ~1825  A.
Dixon and Kirby1 photographed the absorption 
spectrum of HNCO a t high resolution and with absorp­
tion paths of ~ 8  mutm. They found two short pro­
gressions between 2813 and 2624 A; these progressions 
had spacings of 567 and 580 cm-1, respectively, and 
these spacings were not relatable by ground-state 
intervals to the other progressions in the same region. 
The D ixon-Kirby rotational analysis also indicated 
tha t these bands possessed a  different structure from the 
others present in the same region. These differences 
were attributed* to cither a change in rotational 
constants or to an alteration in band type. We concur 
in this attitude; since these absorption bands are veri- 
weak and since they occur a t approximately
the same wavelength as the *£+«—1'£ + transition of the 
cyanate salts, we feel tha t this la tter assignment, recast 
in C, point-group formalism as M'*—M ', provides a 
rational identification of the D ixon-Kirby bands.
Alkyl Isocyanates
The absorption spectra of gaseous CHjNCO and 
CHjCHjNCO arc more or less identical and possess no 
vibrational structure in the near ultraviolet. The 
near-ultraviolet spectrum of CHjCHjNCO is shown in 
Fig. 1. I t  possesses the broad ,A"*—'’A ' transition a t  
'-"210 nyr ( t~ 6 0 )  as does HNCO. However, the 
transition of the cyanate ion is blue shifted by 
'-"6000 cm-1 relative to  the correlating transition, 
'v l'V -bd ', in the covalent isocyanates. The decrease of 
energy of the lS “  sta te  upon the addition of cither a 
proton or an alkyl radical to  the NCO-  ion is attributed  
to  the availability of the addendum  for electron de- 
localization and hyperconjugative effects.
The vacuum-ultraviolet absorption spectrum of 
gaseous CH*CHiNCO is shown in Fig. 3, At higher 
energy than the *.4"(‘£-)«—1b 4 '( ,s+ ) transition, there
W a v elen g th  (m f tl  
ISO 160
W dvenum ber(kK l
l-io, 2. The absorption spectrum at 77UK of a  sodium cynnatr 
(NaOCN) film on a lithium llutiridc (UK) plate. The Him was 
dcpositi-d from a methanol solution of NitOl'N.
arc two more intense transitions: lhe b l "*—' . I ' and 
'.4 V - ' A 1 transitions a t  55 000 and 57 500 cm' 1 with 
extinction coefficients of 680 and 870, respectively. 
These transitions correlate with the forbidden 'At—'£ + 
transition of NCO", the degeneracy of which is split by 
'■"2500cm ''1. No vibrational structure is observed in 
this absorption region.
The first very intense transitions occur a t  62 'AH) 
and 64000 cm (e= 2.2X ligand  4.8 X HP,respectively) 
and are assigned as '.4''*—'. I '  and *.4' transitions, 
respectively. These correlate with the allowed 1II-*— *" 
transition of N t 't t" ,  the degeneracy splitting  being 
r - 'l lO O a ir '1. Weak vibrational structure is observed 
in the region 1635-14W  A and is shown in Table II. 
T he average vibrational separation is cv 6<W cm-1; 
however, the band spacings are not quite regular—a 
fact we attribu te to an overlap of the two absorption 
regions related to the lri"*—'.-I' and '.I '.4 ' t ransit ions.
The strong transition a t 70 750 cm 1 ( t= S . H X U f)  is 
assigned as the *.4'*—'.-1' transition, which correlates 
with the allowed '£ '* —'£* of Nt.'O \  Vibrational 
structure found on the long- and shorl-waveicngth sides 
nf this band is shown in Table II . There is a  progression 
in a ’>'427 cm-1 frequency; this frequency is probably 
associated with the sym m etric deformation mode of the 
linear NCO group which occurs1 at 607 cm"1 in the 
ground sta te of CIIjNCO.
Continuous absnrplion underlies the spectrum  at 
energies higher than -"6 0  (XX) cm 1 (see the dot ted line 
of Fig. 3) and extends to the short-wavelength limit of 
the measurements. Some of the sharp structures evident 
in the vicinity of the 1.1, ( I£+)*—1.4 '( '£+ ) transition, 
and also a t  shorter wavelengths, are m ost certainly 
Iiydberg in nature. However, because of their super­
position on the continuum  absorption, it is virtually 
impossible to analyze them in any meaningful way.
* 1C. It. Eyslcr anil R. It. Gillcin-, J, I'lii-ni. P lus. 8, .W) 
(1940).
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The continuum absorption undoubtedly corresponds 
to direct dissociation events associated with one or the 
other of the split 'A or ln  slates, some of which are 
predicted (Refs. 6 and 7 and Table III}  to be strongly 
bent and nascently dissociative.
P h e n y l  I so c y a n a te s
The absorption spectrum of phenyl isocyanate is 
characteristic of a substituted benzene. The *£*<—1' A t  
and iL jr - lA \ transitions maximize in the gas phase a t 
~ 2675  and ~ 2200  A, respectively, w ith the 0 ,0  band 
of the ' L i ,  sta te  a t  ~ 2 6 7 5  A. T he strongest progression 
in the ' L b  sta te  is ~ 9 5 0 c m “ 1 whereas the ' L a sta te  
exhibits no vibrational structure. The maxima in EPA 
a t 77°K of the 'L b * — ' A  and ' L f — ' A  transitions arc a t  
~ 2690  and ~ 2 2 7 0  A, respectively, with the 0 ,0  band 
of the 'Lb s ta te  a t ~ 2 8 3 0  A. There are two points of 
note about this 77°K spectrum:
(i) The large red shifts of the two first singlet states 
relative to those of benzene indicates considerable 
conjugation between the phenyl ring and the isocyanate 
group.
(ii) The 0, 0 band of the 'L b * — ' A  transition concurs 
with the 0, 0 band observed1 in the fluorescence spec­
trum.
Q U A N T U M -C H E M IC A L  C O N S ID E R A T IO N S
A Mulliken-W olfsberg-Helmholz (M W H) com puta­
tion1,10 wus performed on linear NCO*, bent NCO- , 
and HNCO entities which contained linear and ben t -
“ (a) A. T . Armstrong, D. G. Carroll, and S. 1*. McGlynn,
J .  Chem. Phys. 47, 1003 (1967). (b) D. (■. Carroll and S. I*. 
McGlynn, Inorg. Chem. 7,1285 (1968).
NCO groupings. Clementi11,1* double-zeta atomic 
orbitals were used as basis sets. Uond lengths and angles 
were taken from Dixon and K irby .1 The resulting 
molecular orbitals of spectroscopic interest are cor­
related in Fig. 4.
The doubly degenerate »  orbitals of the NCO" ion 
are split into an o ' and a"  MO when a  proton is added 
in an off-axis position to form HNCO or when the ion 
is bent. In HNCO, all of the MO energies decrease— the 
o ' (in-plane) orbital of the split -w MO’s always being 
lower than the a"  component. This, of course, is ex­
pected since the I jh  AO transforms as o ' in the C, point 
group. In bent N C O ", the energy ordering of the split 
x  MO's is a ' > a "  for the filled orbilats and for
the empty orbitals. This effect is associated with the 
spatial restrictions imposed on the in-plane orbitals 
whereas the out-of-plane orbitals remain essentially 
unchanged.
Transition m om ents and oscillators strength were 
calculated by first transforming all M O ’s to  a  Lbwdin 
basis and then following the procedures of C usachsand 
T rus.u The MO transition moments were then con­
verted1’ to a proper symm etry-adapted s ta te  basis.
Configuration-interaction calculations wcrcperformed 
on HNCO and phenyl isocyanate using the following 
procedure: The c-clectron chargc-density distribution
11 A. T. Armstrong, D. G. Carroll, and S. P. McGlynn, J. Chem. 
Phys.47, lKM (1967).
“  E. Clementi, HIM Research Paper R-J-256, 6 September 
1963.
u  L, C. Gusachs -actl 13. Tms, J. Chem. I’hvs. 46, 1532 
(1967).
11 S. P. McGlynn, I.. Varojwckenborne, M. Kitiushiln, anil 
D. G. Darrull, /nlrodiuliun la Applied Quantum Chemistry (Holt, 
Rinehart and Winston, Inc., New York, to l»c published).
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resulting from the M W H  computation was assumed to 
provide a fixed potential governing the motion of the x  
electrons. This <r potential was used in a  P ariscr-P arr- 
Pople type of calculation which processed the x-clectron 
subset toward a  self-consistcncy based on the variable 
electronegativity concept (VESCF). The final step 
consisted of a  configuratinn-interaction (C l)  com puta­
tion within the ir subset.
M ost of the experimental data  and some of the 
com putational d a ta  available to us are summarized in
T able I I .  Vibrational structure in the
gaseous CELCHtNCO spectrum.
Frequency Difference
X(A) (cm- *) (cm-1)
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Fig. 4. A correlation of the molecular orbitals of HNCO 
(linear nnd bent NCO) with those of linear and bent NCO- . 
The lowest- and highest-energy a  MO’s have been omitted. The 
symiiol i t  indicates those MOV which are fully occupied in 
the ’Z* ground state  of NCO- .
Table I II . All of the energies and extinction coefficients 
listed under columns A and It of Table I I I  are experi­
mental, with the sole exception of the oscillator strengths 
for the *A<—*2+ and 5S“<— transitions which were 
computed1 in Paper I. The sta le  identifications listed 
under columns A and R are yet to be validated; how­
ever, given those, the symm etry-adapted configurations 
and transition polarization which are listed follow 
immediately. M W H -V ESC F-C I energy com putations 
for the 7r*<—x  transitions of HNCO and transition- 
moment computations for all spin-allowed excitations 
between properly symm etry-adapted configurations arc 
presented in columns C and II and are listed in the 
spaces dictated by the sta te and configuration identifica­
tions supplied in column B. Our conclusions concerning 
equilibrium angles in the various excited sta tes are 
tabulated in column E  of Table I II .
I t  will be noted th a t the correlation of experimental 
and com putational quantities of Tabic I I I  is a  reasonable 
one. However, rather than dwell on these correlations 
here, we prefer to summarize the to tality  of evidence for 
the sta te identifications so blithely made heretofore; this 
we do in the next section.
DISCUSSION
We now serialize the reasons for the s ta te  identifica­
tions wc have made up to this point and provide some 
detail on a  few other additional points.
(i) The lowest-euergy excited electronic sta te  of 
NCO-  is *2+ and is observed experimentally in absorp­
tion and .emission* a t  ~ 3 .4 4 e V . The corresponding 
sta te in HNCO and CIIjCHjNCO is* d ';  it is observed* 
only in emission. The observed Stokes shift of ~ 7 0 0 0  
cm-1 between the maxima of TV— absorption and 
T \— phosphorescence of NCO-  is taken as evidence 
of the bent nature of the NCO-  group in the T t sta te . 
This bcnding-accords with the com pulations of Table I I I
;
T a b le  HI. Experimental and calculated data on the electronic states of NCO', HNCO, and CHiCH.NCO.
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T a b le  I II  (Continued)
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Energy Oscillator Energy Oscillator Energy Oscillator Energy Oscillator NCO*
Configuration State <1 < 1 * strength P o lb Configuration State (eV) tout strength Pol ■> (eV) strength (eV) strength angle
(e+hr.he.W*) f3a')1(4a')*(2o")* M " 7.80 2.2 7.60X10-* t 2.43X 10-' 4.60X10-' Bent
(3o")> X10*
<n 8.43 5.31 1.83X10-* * ,y
X10*
(ff+'r.V .V,1 *) f3a'), (4o'), <2a")1 ’A ' 7.93 4.S 1.66X10-' j . y 8.48X10-* 1.16X10^ Linear
(5a')‘ X10»
Same as 'II »n • ■ • • * ■ ... t (3a')*f4o’)'(2o")» '.4" 
(3a '')‘
... • • * / . . . • . .
(3o')'(4o')*(2a")» M ' . . . . . . / . . . ... • * * * • •
( V ) 1
* T h e  energies and extin ction  coefficient* are from  th e  absorption  spectra o f N aO C N  In w ater iF ig . 1} 
a nd th e  N aO C N  film (F ig, 2 ). Extinctions for th e  film were calcu lated  b y  norm alizing to  N aO C N  in 
aqueou* so lu tion . T h e  energy &r th e  ■ £“ sta te  i^ ta k en  from em ission  stu d ies.1 T h e oscillator M rengilu  
were calcu lated  from  the extinction* fexcept for th e  and tran sitions which were
calcu lated  b y  sp in -orb it coupling  techn iqu es as described elsew here1*14J,
b Polarization c.\j>ecied for absorptive tran sitions from  th e  ground M ate. /  m eans electric dipole 
forb idden . T h e  coordinate* are defined as: iC*ST )— th e  t ax is 1* a lon g  th e  m olecular asl* and th e  <x. y  • 
plane is  perpendicular to  thiit a x ii. <C,>— the ix .y . i  plane i* th e  m olecular plane, and th e  5 aid* i* j*er- 
tiendicutar to th is plane.
• W e  assum e a  p rim itive sym m etry o f  C., Energic* and extin ction  coefficient* are taken  from  the
absorption apectra o f gaseous CH*CH rNCO  iFig". 1 and  3 ) .  T he energy and  in ten sity  o f  th e  ’A '  state  
i* tak en  from  em ission  stu d ies.1 C onfigurations and  sta tes  w ere obtained b y  correlation w ith  those of 
th e  Cs r  ca se. T h e  configurations m ay be identified  b y  reference toTthc M O  schem e o f F ig . 4 .
d See C H iC H :N C O  for configuration*, s ta tes , and  polarizations. O nly th e  energies o f th e  pure 
M ates are g iven ; these were calcu lated  b y  M W H -V E S C F -C I approxim ations. T h e  oscillator strengths 
presented are thore calcu lated  from electric  d ipole  tran sition  m om ents betw een th e  M OV appropriate 
t o  th e  configurations of th e  corresponding state-".
* Predicted N C O  angle in the various electronic states, T h e-c prediction* are com p utational and . 




































5110 r a d a l a i s , M c D o n a l d , a n d  M c G l y n n
(columns C and D ). The experimental evidence 
presented here and elsewhere leaves little riuubL of the 
spin-forbidden nature of the 3,44-eV transition. 
Indeed, the only c|uestion remaining concerns the 
orbital identification which we have made, namely 2 +. 
We note, first, th a t the 32 + sta te  is expected to be quite 
low in energy: The calculations yield 2.11 eV for the 
energy of this s ta le  and predict a large 12 +- :,2 + split ling 
of 4.44 eV whereas the corresponding experimental 
numbers arc 3.44 and 5.73 eV, respectively; this agree­
m ent is as good as could reiisonably be expected.
However, we believe tha t the most telling evidence 
relating to the orbital identification is provided by the 
correspondence of observed and calculated phospho­
rescence lifetimes. The long lifetime of ~ 0 .1  sec implies 
a t**—*jtx or %*—*jt„ MO excitation nature and this 
automatically selects the 32 +—d 2 + transition of NCO \  
The only other reasonable conditnles for 7 , are 3A and 
32 -  stales and the computed lifetime of these slates is 
~ I ( 13 times shorter than lhat observed experimentally. 
Finally, the persistence of this luminescence in alkyl 
isocyanates with a relatively unchanged t„  and in 
phenyl isocyanate with an increased t p provides further 
evidence1 of the pure t , jt*  excitation nature of this 
state.
(ii) The lowest-eneryy excited singlet s ta te  of NCO-  
a t  6.36 eV luu; been identified as *2~. T he transition 
‘S ’*—' 2+ is expected to be forbidden, a fact which 
accords with the low extinction of -—651). The correlating 
transition in ethyl isocyanate a t 5.05 e.Y is ' .T 't - ' .T  
and is allowed; however, the corresponding extinction 
coefficient is only 60, and even this is four limes larger 
than our calculations on HNCO would indicate. Thus, 
we m ust conclude tha t the 6.36-eV transition of the 
NCO-  ion is conscrably perturbed by environment -as 
might be expected because of charged dipolar nature of 
the ion—and tha t the 5.95-cV transition of 1'.1IbN C O  
may even contain some vibronic nature. In this regard, 
we note tha t the 12"«—*2+ transition of NCO ' can,via 
the intermediacy of ir vibrations, steal intensity from 
the allowed 1II«—1l2 + transition a t 8.43 eV and that we 
expect such stealing to persist even in the alkyl iso­
cyanates. While we have not been able to delect such 
effects in any’ spectra reported here, we have observed13 
them in the corresponding transition of UN*—-a 
molecule which is isoelectronic with HNCO anil which 
exhibits a similar though highly resolved spectrum 
Finally, we note that the prolonation red shift evident 
in Fig. 1 accords with expectation for an excitation of 
in-planiu—out-of-planc nature in IiNCO and with 
computation (see Fig. 4).
Thus, we have no doubt th a t the 6.36-cV transit ion of 
NCO-  is orbitally forbidden in the isolated ion. tiiven 
this, and the fact tha t the absorption envelope of this
u J. K. McDunald, J. W. tiatialais, and S. I‘. McGlynn, “The 
Elcclrnnic Spectra of the Azide Ion llydrnzoic Acid, anil Azldo 
Molecules,“  J . Chem. Phys. (to  he published).
band exhibits no splitting attributable to the remuvat 
of degeneracy in the C. poinL group of either IINCO or 
C-fJsNCO, it follows that the identification ■ i ' for this 
s ta le  is quite unique. In other words, the l2  «—!2+ is 
the only orbitally forbidden transition in which 
will not split under the intlucncc of a C, perturbation.
(iii) The transition which we have assigned as 
’Ar—’2 + occurs a t 6.92 uV in NCO ■ anil correlates with 
the two transitions of CjIbN CO  at 6.82 and 7.13 eV 
which we have assigned as ' A M ' and :/l'<—C l', 
respectively. The two latter transitions are allowed 
but possess lower extinctions (t = 680 and 870, respec­
tively) than does the supposedly forbidden 6.92-cV 
transition in NCO - ( 1.19XID1). As in fii), we must 
suppose that the intensity of the 6.92-eV transition is 
significantly perturbed by environment elTeels. F urther­
more, we do know that the analogues of the M"«— ’.I ' 
and M ' transitions of C jlliN C O  which we nb- 
scrvel;> resolved in gaseous llN , do possess vibronic 
allowcdness. Thus, though not particularly clear from 
intensity considerations, we conclude that llu-.6.92 eV 
transition of NCO ' is orbitally forbidden.
We furthermore suppose lha t lhe 6.92-cV absorption 
region of NaOCN contains only one absportion band. 
T he spectrum of Fig. 2 is not very supportive of this 
latter point of view; however, in the case of N’aN j,’3 
where the corresponding transition occurs in a more 
accessible spectral region and where solution sludii-s 
become feasible, there remains little doubt of this con­
clusion. Thus, the two bands a t 6.82 and 7.13 eV of 
C.IIaNCO are taken to be lhe two components of the 
6.02-eV band of NCO ■ produced by a C, perturbation. 
The observed splitting is ~ 2 5 l H l c n v t h e  splitting 
predicted by MW1I altitudes (see Fig. 4) is — 
cm "1.
Given the assertions of nrbilal forbiddenness and 
splitting under the inlltirnec of a C, perturbation—and 
noting the unlikely occurrence of stales of high axial 
angular momentum, such as ■•I* or higher, in the energy 
region under consideration -it follows tha t the designa­
tion !A<—12 ’)l for the 6.92-eV absorption band of NCO ' 
is quite unique.
The next question concerns .specific identification of 
the two correlating absorption bands of the Ct  mole­
cules. The U "  sta le arises front the 4«'—*3u" .MO 
excitation, which is of “ perpendicular" nature, whereas 
the lA ' state, being of 4a'--*5u' MO excitation nature, is 
of a “ parallel” type. Thus, the 1, 4 I'  transition 
should be of lower intensity than the 1.-l 'A ' 1 ransit ion.
This conclusion is also borne out by com putation on 
IINCO (sec Table I I I ) .  In view of these altitudes, we 
identify the lower energy 6.82-eV components as 
'A"*—'A ' ami the 7.13-eV component as l/f'<— ’A '. 
These attributions are completely vindicated by studies 
of the vapor spectrum of UN,. Finally, w cnote lh a t the 
higher intensity of the 'A*—‘2 ^  transition of NCO - 
relative to  lh a t of the ■«—12+ transition of the same
ion is probably due to the closer proximity of the 'A
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sta te  to the UI stale—whence it  also, but more efficiently 
steals intensity via vibronic coupling which utilizes a 
jr normal vibrational mode.
(iv) The 8.43-eV sta te  of N C O ' has been assigned 
as a  'n  sta te  arising from the MO excitations a—**-,* and 
<r—*Tr„*. The extinction coefficient associated with this 
absorption band (i.e., «=5,31X 10:|) indicates th a t it is 
orbitally allowed. The correlating states in C'iH*NCO 
are located a t 7.80 and 7.93 eV (e= 2.2X 101 and 
4,SOX Iff, respectively) and arc undoubtedly orbitally 
allowed. Given the assertion of allowedncss in C„, and 
a splitting into two components in C„ the identification 
Jfl is group theoretically unique.
T he identifications b l "  (7.80 eVfl and ’.1' (7.9.5 eV) 
arc made on the basis of Lhe intensity considerations of 
T able I I I  where theory and experiment appear to be in 
reasonable agreement. The observed splitting in the C, 
molecule is ^1 1 0 0  cm-1; that computed from big 4 is 
~ 5 0 0 0  cm -1.
(v ) The 9.17-eV sla te of N C O ’ is assigned as ' - +. 
T he corresponding sta te  of (b H iN l’O at 8,77 eV is 
assigned as b ib  The observed absorplion intensities 
undoubtedly indicate allowedncss (e= 5 .7 4 X l(f and 
S.8X It)3, respectively); indeed, the agreement of theory 
and experiment, as given in Table III, is quite excellent, 
(Jiven the orbitally allowed nature of the 9,17-eV 
absorption band and the fact that it does not exhibit 
any splitting in the Cj molecule, the designation
' i ’+ for this band is group-theoretically unique.
(vi) Mulliken" has predicted that some of the excited 
sla tes of COj are bent whereas others are linear. He 
assumed lhat the in-plane it MO decreases energetically 
more than does the out-of-plane x  MO upon bending 
the molecule. By considering the configurations of the 
various excited slates, he prdicted tha t the 3- ,.+, ', 
and one component of each of the split 'An and 3A„ 
should lie bent while all others should be linear. Our 
M W H  calculations (see Fig. 4) on HNCO indicate tha t 
the assumption that only- the in-plane j t  MO is lowered 
upon bending the NCO group is erroneous. All MO 
energies arc changed considerably upon bending --in­
cluding the out-of-plane ir MO’s. We have estimated the 
geometry of the NCO group in the various excited 
sla tes from the band contours and forbidden origins11 in 
the near and vacuum-ultraviolet spectra, the results of 
which are presented in column K of Table III . The first 
excited state, :2)'(b-f " ) ,  is expected to be strongly bent 
(0Hpti= 129°). The 'il+C.-l') sta te and the two b l ' 
states, xvhich are components of the split ’A and '11 
slates, are expected to involve little change in geometry 
from the ground sta te  due to the sharpness in their 
electronic absorption bands. Conversely, the broad 
bands observed for the *23“ ( state and the two b l"  
s ta tes arising from the 'A and 'If stales along with their 
forbidden origins indicate considerable bending in the 
NCO group. The *—+(*/l') s la te  is expected to be
strongly bent1 because of the large Stokes shift between 
absorption and emission. Our results are in very good 
agreement with the experimental results available16 for 
IIN j and accord with the attitudes of Mulliken" for all 
but the b4" component of the split ’11 state.
(vii) M W H-VESCF-C1 computations on Gell&- 
NCO(Cs,)  indicate th a t the first singlet s la te  is Vb, 
whereas the first triplet sta te is 3. t l ---lhe predicted 
energies being 4.58 and 1.92 eV, respectively. The 
wavefunclinns generated for the ground sta le  and these 
low-lying excited slates span the whole molecule, i.e., 
both the phenyl and the NCO group, Because of this, 
the singlet absoqilion spectrum is characteristic of a 
substituted benzene but exhibits a large red shift with 
respect to benzene.
(viii) Vibrational structure has been observed only 
in the ‘2)- analog stale (i.e., b l" )  of HNCO anti in 
the 'II analog stales (i.e., b l ” and b l ')  and ’211 analog 
sla te  (i.e., b l ')  of CalbNCO. Spectra in solution 
exhibit no structure. In particular, spectra of salts in 
aqueous solution also exhibit quite high extinction 
coefficients for absorplion regions which are formally 
forbidden. We assume that the intensification of for­
bidden bauds and the disnppcaranee of structure in the 
sotulion spectra of ions is associated with qu ite strong, 
but quite random, solute solvent interactions. The
' analog sla te f b l" )  and 'A analog states ( b l ” 
and b l ')  of both gaseous (TIjNCO and ( ’-HsNCO 
pussess no vibrational structure. Why this should be t lie 
case, we do not know.
fix) A continuous absorption of a predissocialive 
nature underlies the shorter-wavelength gas-phase 
spectrum of (VIIsNCO, It is concluded that one or the 
other of lhe components of lhe ’A or ’II stales is both 
weakly bonding and highly distorted.
CONCLUSION
We have claimed identification of a very large number 
of electronic absorption bands in the spectra of cyunate 
salts, IINCO, alkyl isocyanates, and phenyl isocyanate. 
The identifications made have been based primarily on 
two altitudes: a correlation of experiment and com­
putations with regard to energy and intensity, and the 
effects of a C, perturbation in removing degeneracies 
present in C.at entities. The latter approach is the one we 
deem the more trustworthy. Thus, it is well to emphasize 
tha t this approach is heavily based on certain band 
corelations which W e  impute between the spectra of C,„, 
and C, entities. In view of the broadness of the spectra 
of Figs. t and 2, certain of the correlations can and 
should be questioned. O ur defense, however, lies not 
just in the reasonableness of the arguments and cor­
relations presented here bu t also in further studies of 
other isoeleclronic AH* and AUG molecules yet to be 
published.11
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Electronic Spectra of the Azide Ion, Hydrazoic Acid, and Azido Molecules*
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(Received 30 July 1969)
The electronic absorption spectra of aqueous hydrazoic acid solutions have been studied as a function 
of concentration. The spectra are analyzed on the basis of complementary absorption by the azide ion 
and the associated add  spedes, and the add dissodation constant has been determined. The absorption 
of azide ion in hydrazoic add  solutions is found to be identical to that of solutions of the nzide salts. The 
aqueous solution spectrum of associated hydrazoic add  is shown to be the same in the near-ultraviolet 
region as that of hydrazoic add gas and very similar to that of M-amylazide. Vibrational analyses have 
been carried out on the structured regions of the absorption spectra of NH, gas. The alisarption spectra 
of HN, and n-amylazide have been determined in the vacuum ultraviolet and four series of Rybderg transi­
tions have been identified in the spectrum of HN,. Ionization potentials of 11.5 and 12.6 eV have been 
determined for HN,. MWH-type computations have been performed on the azide ion and on hydrazoic acid. 
These computations, coupled with experimental data and with the knowledge of the spectra of other iso- 
electronic molecules and ions, are used to assign all molecular transitions observed in the spectra of the 
azide ion and of the azido molecules. The electronic states, in order of increasing energy, of Nj- , ( R-N,.
C.) are: ‘S .+ C d ')< * S .- ( 'y l" )< lA .(1d " < i . l ') < i ] I , s. .,(> d "< M ')
INTRODUCTION
The present paper reflects some recent interest1-7 in 
the electronic spectroscopy of small inorganic molecules 
and ions; in specific, it is the th ird  paper of a series9'7 
which is concerned with the electronic structure of those 
linear triatom ic molecules which consist of 16 valence 
electrons.
The electronic spectroscopy of the azide ion and many 
azido compounds is expected to be dominated by ex­
citation of »jr„* type—yielding 1JS U_ , '-’A,,, and 
'■•Su*- states—and excitation of either <ru+—»ttu* or 
trs+—riru* types—yielding and '^II,, states, respec­
tively. The identification of these states and their cor 
relative characteristics in different molecules contain­
ing the N -N -N  grouping will be discussed from the 
same point of view as used by  Rabalais et al?  in their 
discussion of the isoelectronic cyanate systems. This 
point of view supposes th a t the groupings of states 
found in Ni- (D„a) will persist to  some extent in 
H N ,(C.) and in alfcylazides (~ C .)  bu t will be altered 
to  a degree determined by  the efficacy of the attached 
group in removing degeneracies present in Nj-  and in 
inducing transition-dipole allowednesses not present 
in  D .* species.
* Research supported by the U.S. Atomic Energy Commission— 
Biology Branch via contract with The Louisiana State University.
1H. J. Maria, A. Wahlborg, and S. P. McGlynn, J. Chem. Phys.
49,4925 (1968).
* R. M. Hochstrasser and A. P. Marchetti. J . Chem. Phys. 50, 
1727 (1969).
* H. J . Maria, B, N. Srinivasan, and S. P. McGlynn. Proc. 
Intern. Conf. Molecular Luminescence, Loyola Univ., Chicago. 
1968 787 (1969).
*H. J . Maria; A. T . Armstrong, and S. P. McGlynn, J. Chem. 
Phys. 48,-4698 (1968).  ̂ J
1H. J. Maria, A. T, Armstrong, and S. P. McGlynn, J . Chem. 
Phys. 50, 2777 (1969).
* J. R. McDonald, V. M. Scherr, and S. P. McGlynn, J . Chem. 
Phys. 51, 1723 (1969).
Three studies of relevance to the electronic spectro­
scopy of the N -N -N  group are available:
(i) Deb has reported8,9 thin-film spectra of alkali and 
alkaline earth salts of the azide ion. An absorption band 
w ith Amn ^ 2 2 2 5  A was assigned to an electronic transi­
tion of the “ isolated” azide ion—an assignment with 
which we concur; however, three well-defined absorp­
tion peaks l'jund in the region 2100-1400 A were as­
signed as transitions to exciton states of the solid. 
Since we have observed these same absorption bands 
in gaseous H N ,, we consider these three absorption 
peaks to be molecular also.
(ii) Closson and G ray have reported10 the solution 
absorption spectra of H N , and several alkyl azides. 
T hey  observed two absorption bands {An,„ = 2 8 7 0  and 
2160 A, respectively) and assigned these to the two 
components of a sp lit ‘A,,*—12 tr+ transition. W hile we 
agree with these observations, we disagree—in part, 
a t  least—with the specified assignments.
(iii) Burak and Treinin11 have performed extensive 
solvent studies of the N,“  ion spectrum in the near­
ultraviolet. T hey assign an absorption maximum a t 
~ 2 3 0  mp as 1A„«—'S /" , a  maximum a t ~ 2 0 0  mjz as a  
“ charge transfer to solvent or CTTS transition,” and 
a  maximum a t  A? 200 m/i as a  '2 u+x—'2 „+ excitation. 
We disagree with th e  two molecular assignments 
given and think the results which we will present raise 




All methods and equipment used have been described 
previously.9,7
•S . K. Deb, J. Chem. Phys. 35, 2122 (1961).
* S. K. Deb, Trans. Faraday Soc, 59, 1423 (1963).
u  W. D. Closson and H. B. Gray, J. Am. Chem. Soc. 85, 290 
(1963).
111. Burak and A. Treinin, J. Chem. Phys. 39, 189 (1963).
7J. W. Rabalais, J . R. McDonald, and S, P. McGlynn, J .
Chem. Phys. 51,5095, 5103 (1969).
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Chemicals
N oN ,
Sodium azide (M atheson, Coleman, and  Bell) was 
extensively recrystallized from alcohol-w ater solution. 
In  the first two crystallizations, th e  solutions were 
allowed to  begin precipitation and were then screened 
through Millipore filters designed to  eliminate particles 
larger than  0.45 ft.  In  all crystallizations only small 
am ounts of compounds were claimed. T he extensively 
purified N aN j crystallized in plates several millimeters 
in diam eter.
L iN ,
L ithium  azide was prepared by  reacting lithium  
carbonate w ith ~ 6%  aqueous hydrazoic acid11— the 
hydrazoic acid being m aintained in slight excess. T he 
solution was partially  evaporated and precipitated by 
addition of alcohol. T he lithium  azide was recrystallized 
from alcohol and extensively dried in  a  vacuum  des- 
sicator.
Barium  azide was prepared by reacting barium  car­
bonate with ~ 6%  aqueous hydrazoic acid—the hy­
drazoic acid being in excess. T he solution was evapo­
rated  to  dryness twice after the addition of further 
quantities of aqueous hydrazoic acid. T he salt was re­
crystallized from a watcr-alcohol solution, dried, and 
stored in a  vacuum dessicator.
H N ,
Samples of gaseous hydrazoic acid were generated 
in a  vacuum  line. Sodium azide was mixed with an
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Fro. 1. T he electronic absorption spectra of selected azide and 
azido compounds n t ambient temperature: (a) HN, gas; (b) HNj, 
aqueous solution, AH = 2.90; (c) n-amyIsolde gas; (d) LiN,, 
aqueous solution; (c) NaN,, aqueous solution; and (f) BaN^ 
aqueous solution.
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F ig. 2. The p H  dependence of the aqueous solution absorption 
spectrum of HN,. Solution pH’s are as follows: a, a ' =  2.90; 
b, b '=3 .30; c=3.G4; d, d '= 3 .8 0 ;e , c' =  3.98; f '= 4 .63 ; g, g' =  4.W; 
h =  12.68; i '= l l . l .
excess of stearic acid,11 and the m ixture was pumped 
to  remove any water and volatile impurities. When 
heated to  '-'90°C , the m ixture melted and evolved 
H N ,. After a short evolution time, gaseous samples 
were collected directly into sealed cells for absorption 
measurem ents. Samples were stored a t  pressures of 
100 to rr for extended periods of tim e w ithout noticeable 
decomposition. No decomposition was noted during 
the scanning of absorption spectra.
Aqueous solutions of hydrazoic acid were prepared 
as described14 in Inorganic Syntheses. W ater solutions 
of hydrazoic acid ~ 7 %  appeared to  be stable in sealed 
containers for periods of several months.
C tf3(C 7/,)3C//,iV3
«-Amylazide was prepared as described by Lieber 
et a/.ls T he crude am ylazide was fractionally distilled 
twice under vacuum  (bp : 76.2o/I 0 6  ,rqm ). Further 
purification was carried ou t by  preparative scale gas 
chromatography. The purified product had a refractive 
index 110“ =  1.4265. T he ultraviolet spectrum  was con­
sistent with those reported b y  G ray and Closson.10 
N either the ultraviolet nor the infrared spectra showed 
any  detectable am ounts of im purity.
H ,0
T he w ater used was m ultiply distilled and deionized. 
T he resistivity was greater than  1 M B/cm.
"  B. Krakow, R. C. Lord, and G. O. Neely, J . Mol Spec try. 27, 
148 (1968).
11 In o r g a n ic  Syntheses, H. S. Booth, Ed. (McGraw-Hill Book
Co., New York, 1939), 1st cd., Vol. 1, p. 77.
“  E. Lieber, T . S. Chao, and C. N. Ramachandra Rao, J . Org.
Chem. 22, 238 (1957).
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Fio. 3. The electronic ahsorption spectra of (—) gaseous HNi and (- - -) n-itnylazade a t  ~300°K .
EPA
This fluorimetric grade solvent, obtained from 
Hartm an-Leddon Co., is a  mixture of ether, isopentane, 
and ethyl alcohol in 5 /5 /2  volume ratio.
All purified compounds were stored in the dark in 
vacuo until immediately prior to use. All spectroscopic 
measurements were made on freshly prepared solu­
tions. In  all cases, blanks were run and spectra were 
appropriately corrected. All very concentrated solu­
tions were filtered through Millipore filters designed 
to screen particles larger than  0.45 g before absorption 
spectra were measured.
EXPERIMENTAL RESULTS 
Solution Spectra of Azide Salts
The near-ultraviolet absorption spectra of aqueous 
solutions of LiNj, N aN j, and BaNj are shown in Fig. 1, 
T he low-intensity transition, whose maximum appears 
as a shoulder a t ~ 2 3 0  mp, is assigned as the 12 u- «—12 tf+ 
transition of the azide ion. The higher-energy transi­
tion, which appears in the spectra of LiN j and N aNi 
with a  maximum a t  -~190 mu, is assigned as the 
‘Au*—‘E„+ transition of the azide ion. One m ay suppose 
th a t the CTTS transition11 underlies these spectra. 
The CTTS transition is considered11 to  be broad and 
featureless, to  possess a  maximum in the region 200-205 
nyt, and to  have a  high extinction coefficient (~ 5000  
liter/m ole*cm ). The apparent maxima and extinctions 
of transitions to  the ■Au and 12 „~ states would be much 
affected by  the presence of such a CTTS transition.
However, as far as we are concerned, we find no reason 
to  suppose the existence of such a  CTTS transition. I t  
does provide a  convenient interpretation of the in­
creased absorption intensities which are observed in 
the ionic liquid solution phase; however, it is probable 
th a t these intensifications are equally readily intcr- 
prctable on a simple Coulomb interaction model of 
ion and solvent molecules.
N o absorption bands corresponding to those assigned 
as TV—.So in the spectra of thiocyanate and cyanatc 
salts8,7 were observed in azidcs. The lower solubilities 
of azide salts, relative to cyanate and thiocyanate salts, 
render improbable the measurem ent of such very weak 
transitions.
Spectra of Hydrazoic Acid and n-Amylazide
T he absorption spectra of aqueous solutions of hy ­
drazoic acid are shown in Fig. 2 as a  function of con­
centration. From  a  stock solution of the acid, which 
had previously been titra ted  against standard  base, 
dilutions were made and cell path  lengths were em­
ployed such th a t the product of path  length (b) and 
to ta l acid concentration (cr ) remained constant. For 
the right-hand plots of Fig. 2,
bcr=  0.01372 mole- cm /liter
while for the left-hand plots
bcr=  0.001372 m ole-cm /liter.
T he spectra] curves represented b y  dashed lines are 
those of solutions to  which N aO H  had been added. In
I
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the^e cases, the reference cells contained the same con­
centration of N aO H  as did the N H j solutions. In  all 
cases, the pH  of the solution was carefully determined 
prior to  spectrom eter scanning. From  the spectra repre­
senting the absorbances of dissociated and undissociated 
acid species the acid dissociation constant was ac­
curately evaluated as f f o=2.04X 101-5 (25°C). P re­
vious values of 1.8X10-5 and 2.6X10“S have been 
reported.I,,1T
T he near-ultraviolet absorption spectra of gaseous 
H N , and amylazide are presented in Fig. 1. The aqueous
T a b le  I. Hydrazoic and vibrational structuring in the near­
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T able  I I .  Fundam ental frequencies of azide ion  
and hydrazoic a d d .
Vibration
Approximate
description H N ,'-1’
n H -N  stretch o '3336
VI N -N -N  ttsym, str. o '2140 2040
rt N -N -N  syra. str. o ' 1274 1360
Vi H -N -N  bend o ' 1150
VI N -N -N  bend o ' 522 650
VI N -N -N  bend o "  672
11C. A. West, I .  Chera. Soc, 77, 705 (1900).
111. M. Koltboff and V. A. Stenger, Volumetric Analysis 
(Intersdcnce Publishers, Inc., New York, 1942), 2nd ed. Vol. 1, 
p. 232.
•  D .  A. D o w i and G. C. P im en tel. J. Chem . P h y s. 2 3 , 1238 (1955).
b P . G ray and T . C . W addlngton . T m n s. F arad ay  Sac. S 3 , 901 (1 9 5 5 ).
• 1C. V/. F. K ahlrauach and J. W anner, Monnt-.Ji. C hem , 97,180 (1 9 4 7 ).
solution spectrum of H N , in the associated form 
(p H =  2.90) is also included in the same figure. The 
lowest energy transition of these compounds, which 
we assign as 'A"*—1 A ' (m ax~287 m/i, t~ 2 2  forw-amy- 
lozide; m ax~264, t~ 2 0  for H N , gas; m ax~260 in/j, 
«~47 for H N i/H jO ), correlates with the forbidden 
■Zu--*—'2 0+ tran sit! 'n  of N,“ . The 1A ,'*—lA '  transitions 
of the azido molecules are red shifted (0.7-1.1 eV) 
relative to the corresponding ‘Sa- *—l2 fl+ transition of 
the azide ion. This decrease in energy on substitution 
is, we believe, indicative of the availability of the hy­
drogen atom or alkyl group for electron delocalization 
and/or hyperconjugation.
The C, perturbation on the azide ion—as sup­
plied by the off-axis hydrogen atom or alkyl groups— 
appears to split the degeneracy of the 190-mji transition 
of azide salt solutions. I t  is this observation which 
prom pts us to assign this transition in Nj”  as ‘Au*—1S £r+. 
The lower energy of these two component transitions 
in C, molecules (m ax~214 mp, e~530  for n-amylazide; 
m ax~200 mji, e~450  for HN* gas; m ax~197 mji, 
t~ 6 0 0  for H N j/H -0 ) is assigned lA " i—lA '(C ,)  while 
the higher-energy transition (m ax~191 mp, e-'SOO for 
w-amylazide; max'^'190 mft, t'^ '740 for H N j gas; 
m ax~187 mp, e~ 660  for H N j/H jO ) is assigned as 
Id '*—1lA '(C ,) .  The observed splitting of the *Au sta te  
caused by the C# perturbation is ~ 2 5 6 0  cm”1 for H N ,, 
rising to ~ 5 5 7 0  cm-1 for n-amylazidc.
In  the near-ultraviolet region neither the spectrum 
of HN»/HjO solutions nor th a t of amylazide gas exhibit 
vibrational structuring. The gas-phase spectrum of 
HN,, however, is rather richly structured, as is evident 
in Fig. 3. The vibrational maxima for H N , transitions 
occurring a t  wavelengths longer than 1800 A are given 
in Table I. T he fundamental vibrational frequencies of 
the ground states of H N | and N,”  are given in T able I I .
The vibrational structure in the
(12 „-<-12 „+)
transition is analyzed on the basis of two interleaved 
progressions in a frequency of ~ 1 5 0 0  cm-1 separated 
by  an interval of >*“ 600 cm-1. The maxima in the first
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Table m .  R ydberg transitions in th e  spectrum  of hydrazoic acid.*
£(cm -1, exp)
Scries A  (cm-1) I n E  (cm-1)* (Vibrational members) AF
T -m r 92 630 1.00 3 65 230 65 230-65 550
800





4 80 500 80 495
5 85 750 85 760
6 88 200 ~ 8 8  250





4 89 285 89 286
5 95 050 . . .





4 81 800 81 800
300(2 quanta)
(82 100)
5 84 900 84 890
6 86 690 86 690





4 83 820 83 820
5 88 500 88 650
6 91 410 91 410
* U ring the equation £  -  A — R/In — B )*. uhere K i* the Rydberg con . and S ia th e  qu an tu m  d efect.
fttant. A la th e  ionization p oten tia l, n Iz th e  principal qu an tu m  number.
progression are given by 35 700 cm-1+ (1 5 0 0 )r, frequency should not be construed as a  0 -0  band of 
r = 0, 1, 2, while those based on the false origin this transition; indeed, the true origin is not detectable 
are given by  35 700 cm-1+ 6 0 0  cm- , +  (1500 cm-1) / ,  and must lie a t considerably lower energy. The prim ary
u = 0 ,  1, 2, *•*. The fundamental mode of 1500 cm-1 progression frequency of ~ 7 8 0  cm"1 corresponds to
corresponds to the vibration (o' in C ,)—the N -N -N  v3(a' in C .)—the N -N -N  symmetrical stretching fre-
asymmetric stretching mode reduced from its value of quency reduced from 1274 cm-1 in the ground state.
2140 cm-1 in the ground sta te . The vibrational fre- The 428-cm-1 displacement between progressions m ust
quency of ~ 6 0 0  cm-1 corresponds to one of the bending correspond to one of the N -N -N  bending modes re­
modes; most likely it is *s(o" in C,) reduced from a duced from its value in the ground state,
value of 672 cm-1 in the ground state. The !.4'*—h l ' t ’A,,*—l2 a+) transition exhibits a  vi-
The lA"*—1j4, (iAu<—'Sj'*') transition shows a very brational structure which is analyzable as a progression
forbidden origin; vibrational progressions cannot be in a  frequency of 420 cm-1; the maxima are given by 
traced to  their origin, inferring tha t the excited sta te  *=52 995 cm"1+ (4 2 0  cm” 1)®, ®=0, 1, 2, The
species m ust be geometrically very different from the longer-wavelength members of this progression are
ground state. The vibrational structure of this transi- mixed with those of the lA ”*—xA  transition, leaving the
tion is again analyzable on the basis of two interleaved origin of this progression undetermined, 
progressions in a frequency of ~ 7 8 0  cm-1. The second The most intense band in the spectrum of H N j lies
progression is displaced from the first by 428 cm-1, a t  64 000 cm-1 (e~ 2 0  000). I t  is accompanied by  a weak
The maxima in the first progression are given by 47 655 shoulder a t 59 (XX) cm-1 (e~ 5 0 0 ). The same region in
cm-1+  (779 cm- 1)r , c= 0 , 1, 2, *•*, 6 while those based n-amylazide is dominated by two intense transitions:
on the second origin are given by  47 655 cm- l + 4 2 8  one centered a t 56 800 cm-1 (e-—12 000) and another
cm "*+(788 cm-1) / ,  v '= 0 ,l ,  2, • ■ *, 5. The 47 655-cm-1 a t 61 700 (e~ 15  000). We assume th a t these transi-
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tions correspond to  two components of a  'Ilf,,,,)*—1‘2 ,+ 
transition of the azide ion. T he basis of this assumption 
is tenuous: I t  rests on the presence of two bands sepa­
rated by  '■-'5000 cm-1, one of which is weak in HN* 
bu£ intense in «-amyl aside where the C, perturbation 
is much larger. I t  is rather difficult to decide between 
ln e or lH„ correlating upper states in N*~. Indeed, in 
HN* the more intense component of the formally for­
bidden 'S j+ transition carries as much intensity 
( / =  4.0X10”® computed) as does the more intense 
component of the formally allowed ’!!„<—12 „+ transi­
tion ( / =  4.6X10-5 com puted). I f  we assume the 1II„ 
upper-state identification in N*- , the ratio of intensities 
com puted for the two split components is 10, whereas 
th a t observed is 40; the calculated split is ~ 6 0 0 0  cm-1, 
whereas th a t observed is 5000 cm-1. Thus tentatively, 
we assign the 59 000-crrr1 transition of HN* as 'A *.4' 
and the 64 000-cm- ' transition of HN* as lA  '<~lA
In  HN* gas, the J-4 '(12 u+)<—1ij4 '(12 0+) transition is 
identified as the absorption maximum a t ~ 7 1  300 cm-1. 
T he 0-0  band of this complicated transition is at 
~ 7 0  200 cm-1. The corresponding transition in «-amyl- 
azide is impossible- to locate with any certainty. The 
H-arnylazide spectrum in this region is much more 
diffuse and appears to be superimposed on apredissocia- 
tive continuum.
Rydberg Transitions in HNj
A tabulation of the m ajor vacuum-ultraviolet absorp­
tion maxima is given in Table I II . The spectrum be­
comes diffuse a t X< 1200 A because of poor discharge 
lamp characteristics. A satisfactory analysis of the 
Rydberg data  has been obtained and is also given in 
T able I II .
Four Rydberg series have been mapped. Three of 
these series initiate in the a "  component of the MO 
and yield an ionization potential of 11.5 eV. The com­
puted ionization potential is 11.8 eV. The most intense 
of these Rydberg series is «p+—o"(jre) , in accord with 
expectation. The fourth Rydberg series originates in 
the o'(tr„) MO and yields an ionization potential of 
12.6 eV. The second computed ionization potential is 
12.8 eV.
QUANTUM-CHEMICAL CONSIDERATIONS
A Mulliken-Wolfsberg-Helmholz (M W H) computa- 
tion5,7 was performed on the linear N*-  ion and on HN*. 
T he Clementi double-zeta18 representation of atomic 
orbitals was employed. The computation was processed 
to  charge self-consistency and a set of molecular or­
bitals was generated; the orbitals of spectroscopic 
interest are shown in Fig. 4.
In  the azide ion, 'the lowest energy transition should 
occur from a doubly degenerate set of tt,  M O’s to a 
doubly degenerate se t of tru* MO’s and be located a t
11 A. T . Armstrong, D. G. Carrol), and S. P. McGlynn, J . Chem. 
Phys. 47, 1104 (1967).
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Fic. 4. The identification and energetic ordering ol molecular
orbitals of spectroscopic interest of the Nj_ ion and of H NV
-—'372 inp. The doubly degenerate 7r orbitals of the 
Nj“  ion are split into a' and a" M O’s when a proton is 
placed off axis with respect to the N* group. In the two 
highest-filled and two lowest-unfilled orbitals the in­
plane a' orbital of the split 7T-MO pair occurs a t lower 
energy than the out-of-plane a" orbital. The first tran ­
sition of HN* is predicted to occur a t  higher energy than 
th a t of the linear ion, in discord with experiment.
In view of the M O’s shown in Fig. 4, excited states 
of types ‘S,,- , 'A,,, 12,.+, 'H ff, and ‘IIU should be of spec­
troscopic interest in the azide ion. The transition as­
signments, excited-state identifications, and transition 
energies and extinction coefficients thus far assumed to 
be correct in the text, are tabulated in Table IV. The 
assignment of states given in T able IV could be made 
by assuming tha t the ordering of states for the azide 
ion and the azido molecules are the same as those of 
the cyanate ion and isocyanate molecules.7 Because of 
the great sim ilarity of the spectra of these two species, 
this is not an unreasonable assumption. Further cre­
dence is lent to this assumption by the fact tha t the 
ordering of sta te  energies used here is identical to th a t 
assigned5,19,70 in other isoclectronic species such as 
CO*, CSj, and SCN".
DISCUSSION
We will now discuss each band assignment which has 
been made The order adopted is tha t of increasing 
band energy.
(i) The lowest-cnergy transition in the gas-phase 
spectrum  of HN* occurs a t 264 mp. The oscillator
»»J. F. Mulligan, J. Chem. Phys, IS, 1428 (1951).
» K . S. Mulliken, Can. J. Chem. 36, 10 (1958).
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strength is small ( / ^ 6X 10~*) and remains relatively 
unchanged on going to  w-amylazide. The computed , 
oscillator strength of the ^iT*—1‘S,,* analog transition 
(i.e., b4"«—'A' )  in H N j is 3.8X10“ *, in good accord 
with experiment. I t  is found th a t this transition also 
contains a  vibronically allowed component—approxi­
m ately 50% of total intensity—induced by one of the 
N -N -N  bending modes (see Table I ) .  Thus, in the 
D„\  point group of N r ,  we expect the forbidden 
1l2 „+ transition to  obtain all of its intensity by 
coupling v ia  ir vibrations to a IT„ sta te  which m ust lie 
a t considerably higher energies.
The gas-phose spectrum of Nj“ is not measurable. 
However, the oscillator strength of the correlating band 
in aqueous solution (shoulder a t >~235 m/x) m ay be 
as large a s / = 2X 10-!! and in a thin film of the solid8 it 
m ay equal /= 2 X 1 0 “J. Thus, in condensed phases, the 
correlating transition of the N r  ion appears to  become 
quite allowed. This anomaly is heightened by the fact 
tha t the longest-wavelength band of molecules ;is 
varied as ethylazidoacetate and u-butylazidc10 in sol­
vents ranging from iso-octane to 10AI LiCl/H-O, and 
HNj in H»0 (#>H=2.90) possesses transition energies 
and intensities which correlate well with those in the 
gas phase. Thus, the blue shift of the absorption maxi­
mum and the considerable band intensification in con­
densed phases is associated with the N r ion. The 
explanation of the anomalous intensification is un ­
doubtedly associated with the fact th a t N r  is a  charged 
entity and th a t it possesses a much lower ionization 
potential (7.77 eV, computed) than does H N j (11.84 
eV, computed) or analogous entities. The charged 
nature of the ion implies considerable solvcnt-solute 
interactions which, by destruction of ideal sym­
metry, can lead to intensity increase; the low ionization 
potential implies the possible occurrence of low-energy 
ion-solvent electron transfer processes (i.e., CTTS 
transitions) which m ay underlie the 2000-A region 
and lead to apparent intensity increase of all transitions 
in this region; and, finally, coupling of CTTS processes 
and the idealized transition can occur and
considerable intensity can be conferred on the la tte r 
transition. Which of these possibilities is operative is, 
a t  this point, a m atter for conjecture.
In sum m ary, the identification
*2,T<-'21+ { IU )  [> i" < -M '(C .)]
is made for the following reasons: I t  is the lowest energy 
singlet<—singlet transition which is observed, i t  is 
weakly allowed in the C, point group, and the upper 
state probably contains a ben t and extended N -N -N  
grouping, as evidenced both by the occurrence of a  
vibronic allowedness based on a bending mode and by  
the Franck-Condon envelope. All of these observations 
concur with prediction for the identification made. 
Finally, the absorption envelope of this band in gaseous 
HN* and in w-amylazide exhibits no splittings a ttribu t-
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able to  the removal of any upper-state degeneracy by 
application of a  C, perturbation. Granted th is last 
statem ent, the attribu tion  ‘S,,-*—1‘E#+ is unique, be­
cause th is is the only forbidden nondegeneratc transi­
tion of reasonable energy in N»- . The sole reservation 
which we m ight emphasize is th a t the two bands a t 
265 and  205 m /i in gaseous HN* are the split com­
ponents of a  possible *AU sta te  found in N»~ a t 235 m/». 
However, we th ink  this la tte r conjecture to  be less 
probable.
(ii) T he transition which we assign as *£„«—1l2 fl+ 
occurs a t  '■'490 m /i in aqueous solutions of N i"  and in 
solid-state spectra of sa lt films. We assume th a t this 
transition correlates w ith two bands of gaseous H N i 
found a t  190 m/t and a t 200 m /i (M "«—M ')
and of gaseous tt-amylazide found a t  191 and 214 m /i. 
These two-component transitions are allowed in the 
C, poin t group. T he computed oscillator strengths are 
3.2X1CT1 and 1.1X10"* for transitions to  th e  XA '  and 
lA "  states, respectively; the corresponding experi­
m ental values for H N j are 1.5X1CT1 and 9X10"*, re­
spectively. Thus, the agreement of oscillator strengths, 
as well as the observed and calculated degeneracy split­
tings, is as good as m ight be expected.
T he transition assigned as lA ,,*~lA ' contains con­
siderable vibronic allowedness induced by  a  bending 
vibration. I t  is implied, therefore, th a t the analog of 
this transition in D a\  m ay steal intensity from a  'I h - 'I I j  
s ta te  by  using x  vibrations. I t  is also clear from the 
Franck-Condon envelope of this band th a t  the N -N -N  
grouping undergoes considerable extension in the ex­
cited state .
T he transition assigned as lA'*—lA r contains a 
progression in the bending mode, hence i t  is m ost cer­
tainly bent in  the excited state.
T he correlating 190 m /i  transition of the azide ion 
should be forbidden. In  contrast to  this prediction, the 
190-m/i band possess a  very  high oscillator strength 
fos5X10~l in aqueous solution. W e assume th a t this 
refiects the interactions characteristic of the condensed 
phase which we have already discussed.
(in) The spectra of solid films of the alkali metal 
azides exhibit* a  single pronounced sym m etrical un­
structured  band a t ~ 1 5 5 0  A ( / t e l ) .  T h e  correlating 
transitions in  HN* gas appear a t  -—'170 (/psjIO- *) and 
156 m/x ( /S J2 X 1 0 "1) and  in »-amylazide a t  '—-172 
( /W 2 X 1 0 -1) and 162 m/» ( /c s^ X lO -1) .  These transi­
tions are undoubtedly allowed in both point groups. 
If  we suppose th a t the two transitions in the RN* 
molecules correlate with the  single 1550 A excitation of 
the alkali azides, i t  follows th a t this transition in D w\  
m ust be assigned as 'II«—1Z a+. The intensities calculated 
in HN* for excitation to  the two split components of 
the lIL  sta te  are 4.6X10"* ( U ')  and 2.2X10"* (lA ”) 
and for the corresponding components of a  'I I ,  sta te  
are 4.0X10"* (lA r) and 5X10"*(1j4 '') .  Comparison 
w ith experiment for HN* does not allow discrimination 
of g or u  character for th e  correlating s ta te  in D n\.
B y the same token, since the site sym m etry of N*-  in 
the solid films does n o t contain any inversion symmetry 
element, it follows th a t the high intensity of the 1550-A 
band is also no t discriminatory of g or u  character. The 
computed splitting of the n (J,u) states in the HNCO 
molecule' is <-'-'5000 cm-1. T h a t observed here is ~ 5 3 0 0  
cm-1.
(iv) T he supposed lA ' (12 u+)+—14 ' ( 1S s+) transition 
a t  ~ 1 4 0  m/t in HN* gas exhibits an extinction of 
<"46 000 (/PS0.3) and m ust be considered as orbitally 
allowed. This transition correlates with th a t measured 
by Deb a t  145-150 m/t in the alkali m etal azides.* Deb 
estimates the extinction of this transition in the solid 
sta te  as ~10*  ( / ~ 3 )  and, hence, i t  m ust be considered 
as allowed. Given the orbitally allowed nature of this 
transition and the fact th a t i t  does not exhibit any 
obvious splitting in HN*, the designation of the transi­
tions as Ol'*—M ' and LS e‘i’ are unique. The com­
puted oscillator strength in HN* is/=sd).39, in excellent 
agreement with experiment.
(v) Deductions concerning the excited-state ge­
om etry of the N -N -N  group can be made by considera­
tion of the experimental spectra. Consideration of ab­
sorption band contours and forbidden origins in the 
spectrum of HN* leads to the following conclusions:
(a) The lA "  and tA "  ( lA„) states contain
severely elongated N -N  bond lengths. They also con­
tain bent N -N -N  groupings.
(b) The lA r (l2 u+) sta te  contains a bent N -N -N  
grouping, bu t this bending m ay not be too severe.
(c) The geometries of the M ' ('Au) and the 
1A > ('!!(„,„)) states lie between the extreme cases of 
(a) and (b ) . These conclusions are in accord with pre­
dictions made by  Mulliken™ for the excited states of 
CO* and are in agreement with the experimental results 
for gaseous H NCO .7
CONCLUSIONS
This work contains much specific information re­
lating to  spectra, p K J s  ionization potentials, vibronic 
coupling, band contours, etc. However, th a t aspect of 
our efforts which is least satisfactorily realized (i.e., 
molecular excitation designations) occupies the greater 
p a r t of the total discussion. Thus, for the sake of clarity, 
we emphasize th a t the identifications made are based 
on the following correlative attitudes:
(i) comparison of spectra of N*~ in solution and solid 
w ith spectra of HN* and w-amylazide in the gas phase;
(ii) comparison of gas-phase spectra of HN* with 
those of HNCO, CH»NCO, CO-, CSj, etc. (i.e., with 
spectra of other isoelectronic molecules);
(iii) comparison of computed and experimental 
energies and extinction coefficients. In  this regard, we 
make reference, insofar as energies are concerned, with 
the more extensive com putations of Rabalais et al? for 
HNCO.
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(iv) Reasonable im putations concerning the  al- 
lowed-forbidden characteristics of bands in H N t and 
w hether o r not they can be represented as split com­
ponents of supposedly doubly degenerate transitions 
present in  N i“  ion spectra. Thus, even though the tran ­
sition assignments for the azide system  are internally 
consistent and in agreement with assignments made for 
isoelectronic molecules (COj, CSi, SCN- , OCN“ ) ,  it
would no t be unreasonable to  expect th a t  som e of our 
sta te  identifications m ay ultim ately be proven incorrect.
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